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Abstract
In organic solar cells, the understanding of loss mechanisms, especially the energetic losses
driven by the offset at type-II heterojunction and recombination, are crucial to improve the
device performance. The best-performing organic solar cells are polymer:fullerene blends, and
despite an abundance of donor materials, phenyl-C61/71-butyric acid methyl ester (PCBM)
remains the most-used acceptor material. In this thesis, we use fullerene multiadducts as new
acceptor materials that allow us to study energetic losses in polymer:fullerene blends by tuning
the offset at the heterojunction. In addition, we analyse their performance in blends with
high-performance polymer donors.
The first chapter of results addresses design rules for fullerene multiadducts and energetic
disorder. By adding multiple sidechains to the fullerene cage, the LUMO level can be raised by
up to 400 meV compared to PCBM, which allows increased open circuit voltages. Fullerene
multiadducts, however, are a mixture of different isomers with increased packing and ener-
getic disorder and show reduced electron transport. Using Differential Pulse Voltammetry
measurements, we quantify the amount of energetic disorder present in a variety of fullerene
multiadducts.
In the second results chapter, the fullerene multiadducts are employed in photovoltaic de-
vices with poly(3-hexylthiophene) (P3HT) and other donor polymers. While most fullerene
multiadducts perform reasonably well with P3HT as donor, their performance in blends with
other donor polymers is usually much lower when compared to blends with PCBM as acceptor.
We find that for many polymer:fullerene blends with multiadducts, the offset of the organic
heterojunction is too small to allow efficient charge generation, especially for donor polymers
optimised for PCBM. Even if the offset in the blend is sufficiently high, the lower electron
mobility of the fullerene multiadducts is likely to reduce device performance, only donors fea-
turing high hole mobility and high crystallinity show reasonable performance.
Energetic losses in organic solar cells and limits of the charge transfer (CT) state energy are
studied in the third results chapter of the thesis. We establish that electroluminescence (EL)
from the CT state originates from transport levels in the density of states and that the spec-
trum shifts very little with increased injection currents. This allows us to use the EL emission
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peak as a proxy for the energy of the CT state. By employing indenofullerene multiadducts
in blends with various polymers, we consistently find an additional loss pathway via polymer
or fullerene exciton formation. If the energy of the CT state approaches the smaller optical
bandgap of either component in the blends (Eopt,min), photocurrent and fill factor are likely
to be reduced by increased recombination. We find this reduced performance in a number
of blends, which allows us to empirically determine an limit of the open circuit voltage for
efficient solar cell relative to Eopt,min for these systems.
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Chapter 1
Background
In recent years, the installation of solar photovoltaic panels has increased rapidly, with over
40GW of capacity installed worldwide [11]. Most of these installations have been subsidised by
governments, and a further decrease in prices is necessary so that solar electricity will be able
to contribute significantly to electricity production in the future. In the most widely used solar
cell material, crystalline silicon, the production of the wafer contributes to around 40% of to-
tal module cost, requiring highly pure silicon and energy-intensive processing. Use of different
absorber materials or materials that are simpler to process can therefore greatly reduce module
costs. One approach are the thin-film or second generation solar cells, with materials such
as Cadmium telluride (CdTe) or Copper indium gallium selenide (CIGS) as absorber. Organic
solar cells, the photovoltaic materials studied in this thesis, are a more novel approach, being
a type of third-generation solar cells. These materials can be fully solution-processed in air
and have the potential to further decrease the costs of photovoltaics.
The absorbing layer in Organic solar cells (OSCs) consists of conjugated polymers or small
molecules that are combined in a heterojunction. In 1986, Tang et al. first combined two
different materials, an electron donor and an electron acceptor, to form a bilayer or planar
heterojunction, achieving a power conversion efficiency of 1% [12]. In 2001, Shaheen et al.
fabricated a cell with 2.5% efficiency by blending donor and acceptor in one solution [13],
forming a bulk heterojunction. This concept is still used in today’s state-of-the-art solar cells.
It enabled much higher power conversion efficiencies, which increased rapidly over the following
years. Power conversion efficiencies (PCEs) of 5% were reached in 2005 [14] and the current
record efficiency devices have a power conversion efficiency of 8.3% for single junction cells
[15, 16] and 9.8% for tandem absorbers [17]
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1.1 Organic Semiconductors in solar cells
In contrast to crystalline silicon solar cells, where conduction and valence band expand over
the whole crystal, in organic materials the density of states is determined by the molecular
orbitals of its components. The valence band corresponds to the highest occupied molecular
orbital (HOMO), the conduction band to the lowest unoccupied molecular orbital (LUMO).
HOMO and LUMO level are localized on one molecule or several repeat units of a polymer.
Due to polarisation effects, Energy levels are not well defined energetically in thin films , but
can be approximated by a gaussian distribution of states with a variance of σ ∼ 0.1 eV [18].
The localisation of HOMO and LUMO levels1 results in rather localised carriers, usually con-
fined to several repeat units of a polymer. Electron and holes are therefore referred to as
negative or positive polarons. Carrier transport is then often described by a hopping mecha-
nism, i.e. a thermally activated move from one carrier site to an adjacent one. Typical for
this mechanism are low charge carrier mobilities that increase with temperature [19]. The low
carrier mobilities in the active layer materials used in organic solar cell limits the thickness
of the absorbing laz to around 100-300 nm. Therefore, a high absorptivity is crucial for the
success of organic solar cells.
inorganic semiconductor molecular semiconductor
+
Figure 1.1: Localisation of a photogenerated exciton in an inorganic (left) and an organic material
(right) (from [2])
Organic semiconductors are made of conjugated organic materials with a low dielectric constant
and excitons formed by photon absorption are strongly bound (0.1− 0.5 eV) and localized on
1In this document, the HOMO and LUMO energies are calculated with respect to vacuum, making them
negative quantities, in contrast to work function (WF), electron affinity (EA) and ionisation potential (IP),
which are defined positive
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one molecule or few repeat units of a polymer (Figure 1.1), whereas in inorganic semiconductors
they are delocalized over several atoms and have a binding energy smaller than the energy of
thermal phonons [20]. The high exciton binding energy results in a low exciton dissociation
rate. Even at high fields or high photon energies only a small fraction of excitons separates
into free carriers [21, 22], making pristine polymeric materials unsuitable for the active layer of
organic solar cells. If an electron donor and an electron acceptor are combined to form a type
II heterojunction, however, these limitations can be overcome: Bound excitons that reach an
interface can separate into a positive polaron on the electron donor and a negative polymer
on the electron acceptor. This charge separation at the interface has been found to be very
efficient, even though it is not yet properly understood [12, 23, 2].
1.2 Operational Principles of Organic Solar Cells
Most organic solar cells use polymer:fullerene blends as the active layer. These blends of elec-
tron donor (polymer) and electron acceptor (fullerene) form a type II heterojunction. In these
heterojunctions, solar cell operation is different when compared to first-generation solar cells.
Figure 1.2 explains the steps from photon absorption to charge collection in an organic solar
cell: The absorption of a photon2 leads to the creation of an exciton, a bound electron-hole
pair. This exciton diffuses to the donor-acceptor interface, where it dissociates into a polaron
pair. The polarons diffuse and drift towards their respective electrodes, where the charges are
extracted.
In the following section, operation of organic solar cells is described in a simple metal-insulator-
metal model (Section 1.2.1). In Section 1.2.2, all steps from photon absorption to charge
collection are discussed from a perspective specific to polymer:fullerene solar cells.
1.2.1 Metal-insulator-metal model
In this section, a very simple model of bulk heterojunction solar cells is discussed. It has
initially be developed by Mihailetchi, Koster et al. [24, 25, 26].
2In figure 1.5, the photon is absorbed by the donor. Since the absorptivity of fullerenes is low, polymer
absorption usually dominates. However, there is no intrinsic restriction for the absorption by the acceptor and
hole-transfer to the donor
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Figure 1.2: Operational principles of an organic solar cell in the energetic (left) and morphological
(right) picture. The numbers describe photon absorption/exciton generation (1), exciton diffusion
(2), exciton dissociation into two polarons (3), charge transport (4) and charge collection (5)
1.2.1.1 Metal-semiconductor interface
The simplest form of a diode is a semiconductor-metal interface (Schottky-diode). When a
metal and a semiconductor with different fermi levels are connected, these two levels must
equalise at the interface in order to reach thermodynamic equilibrium. Figure 1.3 shows the
metal, the semiconductor and the interface in a band diagram
Figure 1.3: A metal, an n-type semiconductor and the metal/semiconductor interface. The x-axis
represents the spatial coordinate, y-axis represents energy
If the work function3 WF of the metal φm is larger than the fermi energy of the semiconductor
φsc , negative charge is transferred into the metal in order to equalise the fermi levels, shifting
the vacuum level in the semiconductor. This leads to band-bending in the semiconductor in
a region close to the interface, the depletion region. In highly doped semiconductors, this
region is only a few nm thick, but acts as a barrier to electron injection with the barrier width
3The work function of a material is defined as the minimum energy needed to remove an electron. For
metals, the work function equals to the fermi level, for semiconductors to the ionisation potential
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φB = φm − φsc . This type of contact is known as blocking contact.
If the work function of the metal is smaller than the fermi energy of the semiconductor,
electrons flow from the metal into the semiconductor. No depletion zone is formed, and
electrons can flow in both directions. This contact is called ohmic contact.
Equivalent effects occur at the interface of metals with p-type semiconductors [27, 28].
1.2.1.2 An Organic Layer as ’Insulator’
A thin organic layer between two electrodes can be described as an insulator between two
metals, the metal-insulator-metal (MIM) model. Dopant concentrations are low and result in
depletion zones that are several micrometers thick [28]. Therefore, the electric field in the
organic layer can be regarded as constant [29], and the band bending can be approximated
to be linear. Figure 1.4 shows an MDMDO-PPV layer with Au and Al as anode and cathode
4 at short circuit and built-in voltage. The latter is defined as the voltage that results in an
organic layer with no internal electric field.
Figure 1.4: Au/MDMO-PPV/Al device at built-in potential (left) and at short circuit (right)
In the simplest case, the built-in potential Vbi is equal to the difference in work functions of
the two electrodes divided by the elementary charge e:
Vbi ≈ φAu − φAl
e
= 5.1 V − 4.3 V = 0.8 V (1.1)
Often, however, the built-in potential is limited by the bandgap of the organic semiconductor
[30, 25]: If the fermi level of the anode lies lower than the HOMO of the organic layer, the
4Anode and Cathode in organic solar cells are defined as in diodes. The anode is the terminal where the
current (holes) flows in, in this case the metal with the lower work function. The cathode is defined as she
terminal where the current flows out (electrons in). However, when the solar cell is exposed to light, the
current flows in the inverse direction, i.e. holes are extracted at the anode and electrons at the cathode
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fermi level of the metal adjusts, pins to the HOMO and an ohmic contact is formed. Similarly,
an ohmic contact is formed at the cathode if the fermi level of the metal lies higher than the
LUMO of the organic layer. If both contacts are ohmic, the built-in voltage in the device is
determined by the HOMO energy of the donor, EHOMO(Donor), and the LUMO of the acceptor,
ELUMO(Acceptor). In this case, the built-in potential can be written as:
Vbi ≈ EHOMO(Donor) − ELUMO(Acceptor)
e
, (1.2)
independent of the electrode work functions. In most high-performance organic solar cells, the
contacts are ohmic and this equation holds. [31, 32].
1.2.1.3 Diode behaviour in the dark
In the MIM model, the current in the organic photovoltaic device consists of drift and diffusion
components [26]. The diffusion current is driven by a gradient in charge density and the drift
current by a gradient in the electric field.
With no illumination, the organic solar cell behaves like a diode. Figure 1.5 shows typical
behaviour in the dark.
Figure 1.5: Typical current-voltage behaviour of an organic solar cell in the dark (left) and band
schematics at three different voltages (right): reverse bias (1), turn-on (2), and built-in voltage (3)
In reverse bias (1), the only contribution to the current are leakages through pinholes in the
organic layer or injection of holes from the cathode into the donor HOMO or of electrons
from the anode into the acceptor LUMO. This injection in the reverse bias is small due to the
selectivity of the contacts. The electrode materials are chosen in a way that the cathode is in
ohmic contact only with the LUMO of the acceptor, and the anode is in ohmic contact only with
the HOMO level of the acceptor. When the voltage is raised, more carriers are injected into
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the organic layer through the ohmic contacts, and these carriers diffuse to the donor-acceptor
interface. At some point, the turn-on voltage (2), the diffusion current becomes larger than
the drift current. From this point, the current raises exponentially with voltage. Beyond the
built-in potential (3), injection raises further and charge transport limits the current. In the
material with lower mobility, charges accumulate and modify the electric field in the organic
layer. Then, the current becomes limited by space-charge or series resistance [33].
1.2.1.4 Solar cell operation in the light
In addition to the drift and diffusion currents in the dark, the illumination of the light creates
excitons which dissociate at the donor-acceptor interface into electrons and holes and are
transported to the electrodes. Figure 1.6 shows a typical J-V (current density vs. voltage)
curve under illumination.
Figure 1.6: Typical current-voltage behaviour of an illuminated organic solar cell (left) and band
schematics at three different voltages (right): reverse bias (1), short circuit (2) and open circuit
voltage (3)
In reverse bias (1), where the generated charges drift and diffuse preferentially to their re-
spective electrodes, while recombination at the donor-acceptor interface is low. The reverse
current under illumination saturates at high reverse bias, where all excitons dissociate and all
carriers are collected [24]. At short circuit (2), where the leakage current in the dark is zero,
all the current originates from photogenerated carriers. This short circuit current Jsc can be
written as
JSC =
∫
EQE (E )φsundE , (1.3)
with the external quantum efficiency EQE , defined as number of electrons extracted per
incoming photons, and with φsun being the spectral photon flux per unit of energy.
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The open circuit voltage Voc is defined as the voltage where no current flows (3). At this
point, the injection of charges from the electrodes competes with the generated photocurrent,
increasing the dwell time of the carriers in the blend. All carriers recombine at open circuit
voltage. The open circuit voltage is limited by the intermolecular charge transfer state, which
is limited by the difference in LUMO of the acceptor and HOMO of the donor [32] (See also
Section 1.4).
The power conversion efficiency (PCE) can be directly calculated from the J-V curve. The
maximum power point (maxPP) is defined as the point where the extracted power J(V ) · V
maximises, giving the following simple formula for the PCE:
PCE = JmaxPP · VmaxPP/Plamp = Jsc · VOC · FF/Plamp, (1.4)
where FF is the fill factor (FF = (JmaxPP · VmaxPP)/(JSC · VOC)). PCE is generally measured
at an intensity of Plamp = 1000 W /m
2, at a standardised spectrum 5.
1.2.2 Charge generation, Morphology and Transport
In Figure 1.2, the five typical operating steps have been depicted: Photon absorption or
Exciton generation (1), Exciton diffusion (2), Exciton dissociation or charge generation (3),
charge transport (4) and charge collection (5). This section discusses each of these steps in
terms of timescales, morphology and energetics.
1.2.2.1 Exciton generation
In a single junction solar cell with an optical bandgap of Eg , only photons with an energy
hν > Eg can be absorbed. This usually means that a large part of the photons from the solar
spectrum remains unused [34]. Moreover, organic semiconductors show a relatively narrow
absorption band which leads to further losses in photon absorption at higher photon energies.
The photon absorption can be calculated with the spectral photon flux Ep(λ) and the absorp-
tion A(λ) of the film. Since film thicknesses are in the order of optical wavelengths and light
is usually reflected at the back electrode, interference effects can affect the absorption as well
[35].
5The standard for measurement of solar cells is the solar spectrum at air mass 1.5, which is the spectrum
at a solar zenith angle of 48.19◦
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Typical optical densities (at the peak) range from 0.5 - 1, corresponding to a peak absorption
of 70-90% (see section 2.2.1). At this optical density, only 30% of the incoming photons of
the solar spectrum are absorbed in a P3HT:PCBM blend, leading to a maximal theoretical
photocurrent of around 14 - 15 mA/cm2. Absorber materials with smaller optical bandgaps
that can absorb a larger fraction of the incoming sunlight are therefore required for organic
solar cells with higher efficiency [36, 37].
1.2.2.2 Exciton diffusion
Due to the low dielectric constant, excitons formed upon polymer absorption are tightly bound
and can only dissociate efficiently at a type II heterojunction. The thermal energy at room
temperature (kT ≈ 25 meV) is not high enough to dissociate the excitons efficiently in the
bulk. This implies that excitons need to diffuse to a donor-acceptor interface in order to dis-
sociate. Since exciton lifetimes in organic semiconductors are only around 100 ps, the exciton
diffusion length is very short. It has been measured to range from 5-20nm, dependent on the
material [38, 39].
Figure 1.7: Favourable morphology for bulk heterojunction cells, featuring small domains for exciton
dissociation and percolating pathways for charge transport (adapted from [3])
This short exciton diffusion length makes charge generation strongly dependent on morphol-
ogy. For high charge generation a donor-acceptor interface must be close to the point of
exciton absorption in all cases. Figure 1.7 shows a possible morphology of an efficient bulk
heterojunction. The domains must be small enough to allow exciton diffusion to the interface,
while still providing percolating pathways for charge transport (see Section 1.2.2.4). Recent
results describe fullerene intercalation into a crystalline polymer and indicate even domains as
small as a single polymer chain do not necessarily harm the operation of an organic solar cell,
as long as percolating pathways are provided [4]. Large polymer or fullerene domains, however,
have been shown to reduce the quantum efficiency in the respective wavelength range [40].
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1.2.2.3 Exciton dissociation
When reaching the donor-acceptor interface, the exciton can dissociate into a polaron pair
comprised of a positive polaron on the electron donor and a negative polaron on the electron
acceptor. Exciton dissociation is thought to be a multi-step process involving intermediate
species as geminately bound charge pairs. The process is known to be very fast, in the order
of 20-200 fs [41, 42, 43, 44], which makes it very difficult to study. Often it is described within
Onsager-Braun [45, 46] or the Marcus Theory [47], where the latter relates the rate of electron
transfer to the difference in Gibbs free energy between bound exciton and free carriers.
The offset at the bulk heterojunction is a key parameter in the driving force for charge transfer
[48]. It is highly debated how large this offset needs to be, with values ranging from 0.8 eV
[49] to 0.1 eV [50]. In addition to the offset at the heterojunction, other parameters as charge
carrier mobility, nanomorphology [51], energetic disorder at the interface [52] or chemical
structure can influence the Gibbs Free Energy as well, but they are very difficult to quantify.
It has not been clarified why the internal quantum efficiency (the number of generated charge
carriers divided by the number of absorbed photons) in bulk heterojunction solar cells can be
close to unity [53, 54]. Work presented in this thesis covers some of the topics that could
enhance power conversion efficiency: A reduction of the energetic losses (Section 1.3.1) and
studies of the charge-transfer state, and intermolecular state relevant for device operation
(Section 1.4).
1.2.2.4 Charge transport
Due to the localization of charges on a molecule or several repeat units of a polymer, the charge
transport in organic semiconductors is dominated by phonon-assisted hopping of charges be-
tween the molecules [18]. The key quantity characterizing charge transport is the mobility,
which is correlated to the diffusion coefficient D (µ = eD/kBT , with the Boltzmann constant
kB) in absence of an electric field. If an electric field is applied and carrier drift dominates
over diffusion, the mobility can be defined as the ratio between drift velocity vd and electric
field E : µ = vd/E [19].
During charge transport from the donor-acceptor interface to the electrodes, charges can re-
combine bimolecularly. In organic solar cells, bimolecular recombination is thought to be the
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dominating loss process at normal operating conditions [55, 56]. Bimolecular recombination
increases with increasing voltage and charge density and determines fill factor and open circuit
voltage of solar cells [57]. Recombination can be affected by charge carrier mobility, lifetime,
active layer thickness, morphology. In most organic solar cell, the active layer thickness is
limited to around 100 nm due to the low electron and hole mobilities of the components.
Detailed reviews on charge transport in organic semiconductors have been written by Jaiswal
et al [58] as well as Coropceanu et al [19].
1.2.2.5 Charge collection
The electrodes can have a significant impact on the performance of organic solar cells, as
insufficient built-in potential can limit charge collection and open-circuit voltage [59, 60]. In
the case of an optimised electrode at which the contact is ohmic, however, losses in charge
collection are minimal. Losses at the electrodes are usually due to recombination of charge
carriers at the wrong electrode which is largely influenced by morphology and drift velocity at
the charge carriers, which results in a reduction of the fill factor or an s-shape of the current-
voltage curve [61]. In the following sections, however, we will always assume that the contacts
at the electrodes are ohmic and the losses are insignificant. This is achieved through the use of
PEDOT:PSS as a hole-extracting electrode and a Ca/Al as an electron-extracting electrode,
which (for the materials studied in this thesis) are sufficient to reduce losses at the electrode
to a minimum.
1.3 Losses and efficiency limits
The improvement of power conversion efficiency in organic solar cells is a key for the commer-
cialisation and large-scale employment of this technology. A detailed analysis of the losses in
the studied polymer:fullerene solar cells allows us to improve the photovoltaic performance of
the solar cells. One indicator for losses is the external quantum efficiency (EQE), the number
of extracted electrons divided by the number of incoming photons at a given wavelength.
As described in the previous section, for an organic solar cell with optimal morphology and
thickness, external quantum efficiencies of over 80% have been achieved, which correspond to
internal quantum efficiencies6 close to unity [42, 53]. This high external quantum efficiency
6The internal quantum efficiency is usually defined as the ratio of extracted electrons to absorbed photons
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enables high efficiency of organic photovoltaics, but in turn limits the optimisation potential.
Similar limits have recently been achieved optimising the fill factor. On small-area research
devices, fill factors of 70% have been reported [15]. Comparing these values to the current
record c-Si solar cell [62] that shows a fill factor of 82.2% show that the improvement poten-
tial is limited: for a typical P3HT:PCBM solar cell, the theoretically achievable fill factor after
entropic losses and at an ideality factor of 1.4 is 77% [63], and 70% has been already achieved
[15].
Energetic losses in solar cells, in contrast, have received little attention until now, and the
improvement potential is significant: In the P3HT:PCBM system, where power conversion
efficiencies (PCE) of 5% have been achieved [14], the energetic loss from optical bandgap to
an electron at the open circuit voltage amounts to around 1.3 eV. Reducing this energetic loss
to 0.7 eV would result in a PCE of 9.8%, higher than the current record of single junction
organic solar cells.
In the next section, we will define and discuss energetic losses that typically occur in poly-
mer:fullerene solar cells, and discuss possible pathways to reduce these energetic losses.
1.3.1 Energetic losses
From photon absorption to charge extraction, various losses occur in an organic solar cell
(see Figure 1.8). They can be quantified in the energy difference between the photon energy
Eph = hν and the energy of the extracted electron at open circuit voltage eVOC .
The photon excess energy ∆Eexc is defined as the difference between the photon energy Eph
and the optical bandgap Eopt of the absorbing organic semiconductor. In a single junction
solar cell, the photon excess energy is an unavoidable loss, because carriers thermalise quickly
and the energy of the charge carriers becomes independent of the initial photon energy. Only
hot processes, i.e. an energy dependence in the rate of charge dissociation, could reduce this
loss in a single junction organic solar cell. To date, there has been no evidence for such hot
processes. Lee et al. have shown recently that internal quantum efficiencies are independent
of the photon wavelength, even for sub-bandgap absorption [64]. This suggests that either the
exciton thermalises before exciton dissociation or that the dissociation rate is independent of
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Figure 1.8: Energetic losses in organic photovoltaic cells from the photon energy Eph to the energy
of an electron at open circuit voltage eVOC . ∆Eexc is the photon excess energy, Eopt the optical
bandgap of the blend component, ∆ELUMO and ∆EHOMO the offset at the heterojunction for electron
and hole transfer, respectively, ECT ,EL the electroluminescence peak of the charge transfer state in
the blend, ∆ENG losses attributed to non-geminate recombination, and ∆E the total losses between
optical bandgap and an electron at the open circuit voltage
the excess energy. We assume therefore that every photon absorbed is almost instantly con-
verted into an exciton with the energy Eopt . We define the optical bandgap as the absorption
onset of the organic semiconductor in the blend. In our case, the onset is determined from a
spectrum of the optical density by linearly extrapolating the absorption onset with the lowest
energy to the background (Figure 3.6 shows an example). Using this method, the most studied
materials P3HT and PCBM have an absorption onset of 1.93 eV and 1.70 eV respectively,
with an error of around ± 0.02 eV. Eopt can be equally determined from the onset of the
external quantum efficiency, as both methods usually agree within their error margins.
If an exciton reaches the donor-acceptor interface, it can separate into two charge carriers if the
driving force for charge separation is large enough (see Section 1.2.2.3). The loss that occurs
in this step is equivalent to one of the two offsets at the type II heterojunction: If the photon
is absorbed by the electron donor, the LUMO-LUMO offset between donor and acceptor is
relevant, if the photon absorption occurs in the electron acceptor, it is the HOMO-HOMO
offset. The charge carriers created upon exciton separation can recombine at the interface
radiatively, emitting photons with their respective energy. This energy can be determined by
measuring the electroluminescence of the photovoltaic device which corresponds to the energy
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of the polaron pair. This emission from the charge transfer state, ECT ,EL, will be further
discussed in Section 1.4 and 2.2.3. Using this emission, we can define the energetic offset as
follows:
∆ELUMO = Eopt,donor − ECT,EL and ∆EHOMO = Eopt,acceptor − ECT,EL, (1.5)
A further energetic loss, ∆ENG, occurs from the energy of the charge transfer state ECT,EL
to the energy of an electron at open circuit voltage eVOC. This is mostly attributed to non-
geminate recombination at the donor:acceptor interface [57, 65, 56, 55, 66] and depends on
temperature and light intensity [67, 68]. In this thesis, however, if we speak of open circuit
voltage, we mean the photovoltage measured at one sun and at room temperature.
Until now, very few studies have thoroughly quantified the energetic losses in polymer:fullerene
solar cells, despite the great potential for improvement. Veldman et al. suggest a required off-
set of 0.1 eV at the heterojunction and a minimal ∆E of 0.6 eV, but rely on the determination
of HOMO and LUMO levels in pristine materials [50].
Bijleveld et al. reported a photovoltaic blend consisting of a DPP-based block-copolymer
and PCBM with a ∆E of 0.65 eV [69]. Current record devices operate with a ∆E between
0.85 eV and 0.9 eV [70, 15], leaving significant improvement potential. Possible pathways are
the reduction of ∆ECS , the driving force for charge separation, and the reduction of ∆ENG .
In the following section, we present a method to determine the maximally possible open
circuit voltage and additional losses due to non-radiative recombination at the donor-acceptor
interface.
1.3.2 Detailed Balance and limits to the open circuit voltage
The detailed balance principle is based on the microscopic reversibility of processes. In thermal
equilibrium, all processes are compensated by their inverse process. The principle follows
directly from the second law of thermodynamics [71].
Shockley and Queisser developed the maximal efficiency of a p-n junction solar cell from the
detailed balance principle [72]. In their idealised solar cell with the bandgap Eg , all carriers
above and none below the bandgap are absorbed, defining the absorptance a(E ) = Θ(E−Eg ).
Every absorbed photon results in a charge carrier that is collected at the electrode, which puts
the external quantum efficiency EQE(E) = 1. If the solar cell is illuminated with the spectrum
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of the sun with the photon flux φsun, the resulting short circuit current density is
JSC = e
∫ 0
∞
φsun(E )a(E )dE = e
∫ Eg
∞
φsun(E)dE, (1.6)
where e is the elementary charge and E the photon energy. In this idealised solar cell radiative
recombination is the only loss mechanism, which can be described by Wurfel’s generalisation
of Planck’s law [73, 74], that results in an emission
φcell(V , E ) = a(E )φbbe
(−eV /kT ), (1.7)
where V is the applied voltage, k the Boltzmann constant and T the temperature. φbb is the
black body spectrum defined as
φbb =
2piE 2
h3c2
e(−E/kT ), (1.8)
with h being the Planck constant and c the light velocity. By integrating the solar cell emission
φcell over all photon energies, the total dark current density J0,rad can be calculated.
J0,rad = eΦcell(V = 0) = e
∫
φcell(V = 0, E )dE = e
∫
a(E )φbbdE (1.9)
The Shockley-Queisser (SQ) current voltage curve under illumination is therefore
J(V ) = J0,rad · e(qV /kT ) − JSC. (1.10)
Apart from series resistance, shunt resistance and diode ideality factor, this curve describes
the current-voltage curve of direct bandgap solar cells as GaAs quite well. By solving equation
1.10 for V, the radiative open circuit voltage VOC,rad can be calculated. VOC,rad represents the
maximal attainable open circuit voltage of a p-n junction. It is important to note that the
dependence of VOC,rad on the bandgap is implicit, as J0,rad and JSC are both dependent on the
absorption coefficient a(E ).
VOC =
kT
e
· ln
(
JSC
J0,rad
+ 1
)
(1.11)
For non-ideal solar cells with an external quantum efficiency smaller than one, the absorptance
a(E ) in equation 1.6 and equation 1.9 can be replaced by EQE (E ).
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In solar cells with indirect bandgap or organic solar cells, the assumption of radiative recom-
bination only does not hold. The LED7 quantum efficiency, QLED, defined as the ration of
outgoing photons to incoming electrons, is below 10−2 for silicon solar cells [75] and 10−4−10−6
for organic solar cells [76]. This results in an open circuit voltage that is much lower than
VOC,rad. For crystalline Silicon (c-Si) solar cells, the difference ∆VOC = VOC,rad−VOC is around
160 meV [77, 78], for organic cells around 300 meV. Using the reciprocity relation developed
by Rau [79], the additional loss in open circuit voltage can be related to the LED quantum
efficiency, QLED:
∆VOC = VOC,rad − VOC = −kT
e
ln(QLED) (1.12)
The validity of the detailed balance and reciprocity approach has been confirmed for several
inorganic [77] and organic solar cells [76], and these results suggest that increasing QLED will
lead to a higher open circuit voltage. From Equation 1.12 it follows that an increase in QLED by
one order of magnitude corresponds to a 60 meV increase in open circuit voltage. It remains
unclear, however, if it is feasible to significantly reduce the non-radiative recombination in
organic solar cells.
1.4 The Charge-Transfer (CT) state in organic solar cells
It is widely acknowledged that the charge transfer state, an intermolecular state at the interface
of donor and acceptor, plays a key role in charge generation (see Section 1.2.2.3). Charge
generation, however, is thought to occur on a timescale of fs or ps and is therfore difficult
to be observed experimentally. In most of the literature, a distinction is made between a
gemitately bound charge pair at the interface, and a pair of loosely bound polarons, each in
its respective blend component [80, 81]. Due to coulombic binding, the potential energy of
the geminate charge pair is thought to be lower than the energy of the polaron pair. In this
thesis, however, we only consider the energy of the polaron pair, manifested by the energy of
the electroluminescent emission at the charge transfer state. We believe that polaron pairs
are formed at t < 1 ns, much faster than timescales accessible by the experimental methods
used in this thesis. It is important to emphasise, however, that the term ’CT State’ might be
used in a different way by other authors.
7LED = Light Emitting Diode
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1.4.1 Emission from the CT state
Emission from intermolecular states has been intensively studied in organic light emitting
diodes [82, 83, 84, 85, 86] and was initially referred to as exciplex emission [87], a term which
then was used for all kinds of intermolecular emission. Strictly speaking, however, an exciplex
is dissociative in the ground state [88]. In the polymer:fullerene blends used in this work, a
sub-bandgap feature in the ground-state absorption is usually observed when blends are com-
pared to pristine materials, so in our case the emission is likely not to be exciplex emission
only [89, 90, 91, 92].
Despite the importance of the charge transfer state for the operation of polymer:fullerene so-
lar cells, it has received little attention. In 2007, photodeflection spectroscopy measurements
showed an additional red-shifted feature in the absorption spectrum [89]. This shoulder was
attributed to an intermolecular charge transfer (CT) state. Later, emission from this inter-
molecular state was observed for blend materials forming a type II heterojunction [90, 93].
Likewise, the emission of the blend was red-shifted compared to the emission of either blend
material. Vandewal et al. developed a sensitive technique to measure the external quantum
efficiency [94] and related the onset of photocurrent generation to the open circuit voltage
[95]. Tvingstedt et al. found a correlation between the energy of the CT electroluminescence
and the open circuit voltage. This confirmed earlier reports that related VOC to the difference
of LUMO and HOMO levels measured in pristine materials [32, 31].
1.4.2 Measurement of the CT state energy
Depending on the definition of the CT state its energy can vary significantly. In 2001, Brabec
et al. reported a dependence of the open circuit voltage on the LUMO level of the electron
acceptor [32]. Scharber et al. defined the CT state as the difference between LUMO level of
the acceptor and HOMO level of the donor, measured in pristine materials:
ECT = ELUMO,acceptor − EHOMO,donor (1.13)
While this approach is valid as a first approximation, the error of this method is quite large.
Depending on the method used for the measurement of the energy levels, energies can vary
by up to 0.5eV [96, 97, 98]. Moreover, the electrochemical bandgap is usually larger than the
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optical bandgap due to exciton binding energies. Some groups place the optical bandgap in
the centre of the electrochemical bandgap [50], while others use ELUMO = EHOMO + Eg .
But even if HOMO and LUMO levels in the pristine materials are measured in a consistent
way, the absolute value of the CT state is difficult to determine. When donor and acceptor
materials are combined in a blend, aggregation effects or interface dipoles can further shift
the CT state (see Section 3.1). Therefore, a consistent determination of the CT state energy
is not possible. These problems can be overcome by measuring the CT state in a working
device, but no commonly accepted definition has been found yet. Vandewal et al. use the
intersection between absorption and electroluminescence as the energy of the CT state [92],
resulting in a slightly larger energy than the definition by Tvingstedt et al, who used the CT
electroluminescence peak as the energy of the CT state. With both methods, the energy of
the CT state can be determined with an error smaller than 50 meV. Since the definition of
Tvingstedt et al. is simpler to measure, we use the peak of the CT electroluminescence, ECT ,EL
as measure for the CT state. Since the peak is usually symmetric and broad, we use the energy
at which half the peak area is on each side of the peak. If electroluminescence of one of the
pure blend components is visible in the spectrum, it is subtracted first. In this thesis, we define
the peak position of the CT electroluminescence as the point where the integral over the peak
reaches half the total value:
ECT,EL = Φ(Φtot/2) with Φ(E ) =
∫ E
0
φCT,EL(E
′)dE ′, (1.14)
where Φtot =
∫
φCT−EL(E )dE , is the total photon flux of the CT state. This definition allows
a precise measurement of the peak position even if the peak is broad and the signal to noise
ratio is low.
1.4.3 Motivation to study the CT state
It is widely accepted that the energy of the CT state determines the open circuit voltage of the
photovoltaic device, but many properties and issues around the charge transfer state remain
unresolved or need further attention [99, 100]. One issue is the origin of the CT electrolumi-
nescence. It is usually red-shifted compared to photoluminescence from the CT state [101].
It is debated if the photoluminescence is a significant loss mechanism [51, 102, 103] and how
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it is related to the blend morphology [104]. Moreover, the role of the interfacial states in the
band tails and their role in charge generation remain unclear: Street et al. propose that a
reduction of the interface state density could possibly increase solar cell performance [105].
Most of these issues are addressed in this thesis in Chapter 5, Section 1.6 provides a brief
summary of the contents.
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1.5 Fullerenes as Electron Acceptor Materials
Fullerenes as electron acceptor materials play an important role in organic photovoltaics. To
date, most highly efficient organic solar cells are blends of polymers or small molecules with
fullerene acceptors. Other acceptor materials have been less successful, with reported efficien-
cies below 4% [106].
Fullerene structures were first proposed in 1973 and discovered in 1985. Their interesting
molecular properties soon created a new field of research. As photoinduced electron transfer
was discovered at a polymer:C60 interface [107], fullerenes became interesting for organic
electronics [108].
1.5.1 Adducts to the fullerene cage
The addition of sidegroups to the fullerene increased the solubility of the fullerene to a
level suitable for solution-processing. Phenyl-C61-butyric acid methyl ester (PCBM), a
methanofullerene [109], was one of the first fullerene adducts used in organic solar cells [110].
A variety of different adducts can be connected to the fullerene cage [111, 112], of which
methano-, pyrillidino- and indenofullerenes are the most widely used in organic electronics (see
Figure 1.9). Adducts with longer sidechains are usually added for solubility reasons: C60 or
C70 show a solubility of 3 - 15 mg/ml in organic solvents [113] that is usually not enough for
solution processing. PCBM, in contrast, shows solubilities up to 50 mg/ml [114].
Figure 1.9: Fullerene cage with different adducts: methano-bridge (left), pyrillidine (center) and
indene (right)
The type of the adduct, especially the bridge that is used to connect fullerene and sidechain,
influences the electronical properties of the fullerene. Section 1.5.3 discusses the possibilities
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to tune the LUMO level of fullerenes by altering the type and number of sidechains.
1.5.2 Fullerene properties for Organic Solar Cells
Fullerenes and fullerene adducts have shown to perform better in organic solar cells than any
other electron acceptor material. The reason for this has not yet been clarified, possibly a
combination of several favourable properties make the fullerenes such a good acceptor material
for organic solar cells.
Fullerenes are particularly good electron acceptors. The C60 LUMO level is triply degenerate
and can accept up to six electrons [115]. Moreover, the electron wave functions are delo-
calised over the whole fullerene cage. In contrast to most polymers, torsional relaxation is
very limited. At the polymer:fullerene interface, this property ensures a minimal distance be-
tween electron and hole of around half the diameter of the fullerene cage, 5A˚. Studies with
non-fullerenes as acceptor materials suggest that a relatively large distance between electron
and hole wavefunction increases the yield in charge generation [116]. Moreover, a relaxation
of the wavefunction into a tighly bound geminate charge pair with strong coulombic interac-
tion can be avoided. Some polymers used as electron acceptors show strong emission from
intermolecular states [117, 118], indicating tightly bound charge pairs that do not dissoci-
ate into free charges. Fullerene crystallinity and aggregation [119] might equally help charge
generation. Zones of aggregated fullerene phase with lower lying LUMO levels might drive
electrons away from the interface, reducing recombination [120, 121, 122]. When the charges
are separated, the high electron mobility of the fullerenes helps charge transport [123, ?].
This high mobility is anisotropic due to the three-dimensional shape of the fullerene cage and
creates percolating pathways with high mobility that are favourable for charge transport and
collection. Non-fullerene acceptor materials as perylene diimides show high electron mobility
[124], but mobilities of flat small molecules are often anisotropic [125].
On the other hand, some fullerene properties are not ideal for organic solar cells. The range
of LUMO levels for fullerene adducts with one sidechain is rather small, with electron affinities
ranging from 3.65 eV to 3.74 eV. A larger variety of LUMO levels would be desirable to reduce
the energetic loss ∆ELUMO/HOMO (see Section 1.3.1). Alteration of the sidechain and addition
of multiple sidechain are two ways to modify the LUMO level of the fullerene.
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1.5.3 Tuning the LUMO levels of fullerene adducts
The most widely employed electron acceptor, PCBM, is a methano-bridged fullerene adduct.
Several studies showed that the fullerene bridge determines the LUMO level in solution, while
the length of the sidechains can affect the shift upon aggregation [114, 126, 127, 128, 122].
These effects, however, are smaller than 100 meV, leaving the LUMO level between -3.65 eV
and -3.75 eV. A different approach is the use of fullerene cages with a different number of
carbon atoms. Ross et al. showed that endohedral C80 fullerenes feature a LUMO raised by
200 meV compared to PCBM. C84 shows a LUMO of -4.1 eV, around 0.4 eV deeper than
PCBM. Fullerene cages other than C60 and C70 can only be produced at small quantities at
very high prices and are therefore not suitable for large-scale deployment. Changing the bridge
between sidechain and fullerene cage is an option more suitable for mass production: Brabec
et al. presented a ketolactam fulleroid with a LUMO level 160 meV lower compared to PCBM
[32]. Replacing the PCBM sidechain with an indene group raises the LUMO level by 60 meV
[129].
A more novel approach is the addition of multiple adducts to the fullerene, the synthesis of
fullerene multiadducts. By adding up to three adducts to the fullerene cage, its LUMO level
can be raised by up to 400 meV compared to PCBM.
1.5.3.1 Fullerene multiadducts
During synthesis, fullerene multiadducts are naturally forms as several sidechains can connect
to a fullerene cage. Initially, these fullerene multiadducts were regarded as impurities, but later
it was discovered that they show a higher LUMO level [130]. Two Fullerene multiadducts, the
PCBM bisadduct BisPCBM and the indenofullerene bisadduct ICBA, have shown improved
performance in blends with P3HT when compared to PCBM as electron acceptor [5, 129, 7].
Fullerene multiadducts are a mixture of several isomers, since the second sidechain can connect
in different positions. Separation of these isomers is possible, but the yield in single isomers
is usually very low [131, 132, 133]. Recent results suggest that they show a lower electron
mobility than PCBM, especially the trisadduct TrisPCBM [134]. Calculations suggest that the
electron mobility is affected by the length of the sidechain [135].
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In this thesis, we study a variety of multiadducts and evaluate their performance in terms of
energetic disorder and electron mobility (Chapter 3) as well as photovoltaic device parameters
(Chapter 4).
1.6 Motivation and Outline of the Thesis
1.6.1 Fullerene Multiadducts and Energetic Disorder
The electron acceptor material has been largely unchanged since the introduction of PCBM
in 1995, while much progress has been achieved on the polymer side. Fullerene multiadducts
are promising candidates to increase the power conversion efficiency in solar cells, but they
have received little attention until recently. Chapter 3, joint work with Jarvist Frost, evaluates
fullerene multiadducts in terms of energetic disorder and electron mobility. We find that the
different isomers present in the fullerene multiadducts have different LUMO levels and that the
distribution of LUMO levels increases energetic disorder, probably reducing electron mobility.
Part of the work presented in the chapter has been published in Advanced Materials.
1.6.2 Effect of multiple adduct fullerenes on charge generation and
transport
Fullerene multiadducts have been shown to increase device performance in blends with P3HT,
but other polymer systems, especially low-bandgap block-copolymers that show high power
conversion efficiency with PCBM, have not yet been studied in blends with fullerene multi-
adducts. In the first part of Chapter 4, in Section 4.1, we study the PCBM multiadducts
BisPCBM and TrisPCBM in blends with P3HT. While devices with Bis-PCBM still work
well despite the much lower electron mobility of the bisadduct, the electron mobility of the
trisadduct TrisPCBM is limiting device performance. Interestingly, the yield in charge gener-
ation is not affected either by the lower driving force for charge separation nor by the lower
fullerene electron mobility. This joint work with Panos Keivanidis and Paul Woebkenberg was
published in the Journal of Polymer Science Part B: Polymer Physics.
In the second part of this chapter, in Section 4.2, we study the performance of methanofullerene
and indenofullerene multiadducts with a variety of polymers. We find that the offset required
for charge generation varies much between different polymer systems. In addition, it is possible
35
that crystalline polymers with relatively high hole mobility can tolerate a much lower electron
mobility than amorphous polymers with a low hole mobility. The reduced electron mobility of
fullerene multiadducts affects the latter devices much more.
1.6.3 Spectroscopic studies of the Charge-Transfer State
In Section 1.3.1 we have identified the reduction of energetic losses as the main parameter to
improve device performance of organic solar cells. Key to understanding the energetic losses
in organic solar cells is an accurate measurement of the energy of the charge transfer state. In
the first part of Chapter 5, in the Sections 5.1 and 5.2, we establish general properties of the
CT state and its radiative emissions. We establish that the electroluminescence originates from
transport states far from the quasi fermi level, while CT photoluminescence is less relevant for
device behaviour. Parts of this joint work with Wei Gong and Thomas Kirchartz have been
submitted to the Journal of Physical Chemistry C.
In the second part of the Chapter, in Section 5.3, we study high-performance polymers in
blends with PCBM and indenofullerenes and study the energetic losses in these devices. We
find that if the offset for charge separation ∆ECS is smaller than 0.35 eV, electroluminescence
occurs partly from the polymer singlet of the component with the lower bandgap in the blend.
This additional recombination pathway via polymer or fullerene singlet activation increases
recombination especially at low fields. We find that the appearance of the polymer or fullerene
singlet emission in the blend coincides with a reduction in fill factor and photocurrent and
ultimately limits the open circuit voltage for efficient polymer:fullerene photovoltaic blends.
This part of the chapter has been published in the Journal of the American Chemical Society.
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Chapter 2
Experimental Methods
This chapter briefly introduces the methods used for the experimental work of this thesis.
Methods include cyclic voltammetry and differential pulse voltammetry (Section 2.1), steady-
state spectroscopic methods, such as photoluminescence and electroluminescence (Section
2.2) and time-resolved spectroscopic methods (Section 2.3). The voltammetry equipment as
well as the measurement of sub-gap photovoltaic quantum efficiency have been set up during
this work and are described in more detail.
2.1 Voltammetry
Voltammetry allows one to obtain the complete electrochemical behaviour of an analyte. For
organic electronic materials, cyclic voltammetry (CV, section 2.1.1) is a simple but powerful
tool to determine the electron affinity and the ionisation potential of organic compounds in
solution and thin film. Differential pulse voltammetry (DPV, section 2.1.2) allows more precise
measurements in solution.
To study the energy levels of polymers and small molecules, especially the LUMO level of
electron acceptors, a voltammetry setup was built during the course of this thesis. This setup
was initially used for cyclic voltammetry, and later configured by Jarvist Frost for differential
pulse voltammetry. Using this setup, the HOMO and LUMO levels of several polymers and
fullerenes were measured in solution and thin film. DPV was used to measure the energetic
disorder in isomer mixtures of different fullerene multiadducts (see Section 3.1)
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2.1.1 Cyclic voltammetry
Cyclic voltammetry (CV) is a standard technique to determine the electron affinity (EEA) and
the ionisation potential (EIP) of organic electronic materials. The HOMO and LUMO level of
the analyte are then approximated by EHOMO ≈ −e ·EIP and ELUMO ≈ −e ·EEA. Measurements
can be performed in solution and on thin films.
2.1.1.1 Measurement in solution
For reversible charge transfer, the electrochemical reaction of a system to a voltage sweep can
be described by the Nernst equations (details to be found in [136], p 226 - 232 and p 239 -
243). Figure 2.1 shows a cyclic potential sweep and the resulting cylic voltammogram of a
ferrocene/ferrocenium couple, obtained in solution. First the voltage is increased, resulting in
an oxidation of the analyte (peak Ep,ox) then the voltage is lowered, reducing it (peak Ep,red).
Figure 2.1: Cyclic potential sweep (left) and resulting cyclic voltammogram with peak-potential Ep,
half-peak potential Ep/2 and half-wave potential E1/2(right).
Important parameters for evaluation are the peak potentials Ep,red and Ep,ox , the half-peak po-
tential Ep/2 and the half-wave potential E1/2 that is related to the peak potentials of oxidation
and reduction by
E1/2 =
Ep,ox + Ep,red
2
. (2.1)
The difference between peak potential and the half-peak potential is constant for a system
with a single oxidation/reduction potential, and is just limited by the analyte diffusion:
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Ep − Ep/2 = 2.20 RT
F
= 56.8mVat300K, (2.2)
where R = 8.31 J K−1 mol−1 is the gas constant, F = 96.5 · 103 C mol−1 the Faraday constant
and T the temperature.
The electron affinity and the ionisation potential of the analyte are usually measured by com-
paring its half-wave potential to the half-wave potential of an internal reference with known
potential. If the reaction is fully reversible, the error of the measured EA or IP is around
10 meV, mainly arising from the error in determining the rather flat oxidation and reduction
peaks. When measuring absolute values, the largest uncertainty is the ferrocene oxidation
potential, which is only known up to a precision of 20 meV - 40 meV relative to vacuum [?].
2.1.1.2 Measurement in thin films
In contrast to measurements in solution, which are usually reversible for the materials used,
measurements in thin films show quasireversible or irreversible behaviour. Even if the reaction
is chemically reversible, the capacitative measurement can physically destroy the thin film.
Especially at slow scan speeds the film degrades quickly, in some thin films during the first
voltage sweep (e.g., the film can peel off the electrode). The shape of the voltammogram
can differ greatly with different scan speeds, film thicknesses and number of sweeps. Usually,
only the peak onset measured within the first voltage sweep is reproducible. This makes it
necessary to repeat the experiment in several thin films of different thickness each of which
can only be used for a single scan each.
Figure 2.2 shows the first reduction scan of a PCBM thin film and of the Fc/Fc+ couple which
was introduced into the solution after measurement of the thin film. The clearly non-symmetric
shape of the PCBM reduction potential makes it impossible to determine the peak position,
the peak visible at -0.8 V results is just an arefact from the change in sweep direction. The
electron affinity, however, can still be determined by comparing the peak onsets of ferrocene
and analyte.
Precision of measurements in thin films is lower than in solutions because of film-to-film vari-
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Figure 2.2: Cyclic voltammogram of a PCBM thin film (≈50 nm thick) reduction peak on ITO
(black) and a ferrocene peak (brown) with half-wave potential E1/2 (blue). Lines show how the
reduction onset is determined
ations. Depending on the analyte, the scattering in peak onset can be in the range of 30 -
100 meV.
More details on theory of cyclic voltammetry can be found in [136], chapter 6.4, experimental
considerations in [137], chapter 10.
2.1.2 Differential pulse voltammetry
Differential pulse voltammetry (DPV) measures essentially the derivative of the cyclic voltam-
metry and allows measurements at concentrations as low as 0.1 mM/l, compared to 1-10
mM/l in CV. DPV was developed by Rifkin and Evans in 1976 in theory [138] and experiment
[139].
Figure 2.3 shows a typical sequence of pulses applied to the analyte solution. A pulse with
fixed height and width is applied, and the current is measured before (IR) and at the end of
every pulse (IF ) and the signal is calculated by subtracting both currents: ∆I (F−R) = IF−IR .
Then, ∆I is plotted as function of the potential after the pulse. At low concentrations and
slow scan speeds, evaluation of a fully reversible reaction becomes simple: The system re-
sponse can be approximated by a Gaussian function. If the system reaches steady-state (i.e.,
the pulses are sufficiently long), and the width of the peak is dominated by analyte diffusion
[140], resulting in a Gaussian curve with a variance of σ = 38.4 meV [141].
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Figure 2.3: Applied potential with time for a differential pulse voltammetry experiment (left) and
typical system response for a ferrocene oxidation (right)
More details on DPV can be found in the thesis of Jarvist Frost [1]. A summary of theory and
experimental details can be found in [136] p286-p293, detailed theory in [142].
2.1.3 Experimental setup
A VersaSTAT 3 potentiostat was used in a three-electrode setup (working, counter and ref-
erence electrodes). Data was collected using VersaStudio software. All experiments were
performed in air inside a fumehood.
2.1.3.1 Solvents
The choice of the solvent or solvent mixture is important: In a solution measurement, both
electrolyte and analyte must dissolve well. In a thin film measurement, only the electrolyte
should dissolve while the analyte must be insoluble in the solvents.
Acetonitrile is perhaps the solvent with the most inert electrochemical properties. It can be
used for applied voltages in the solution from +3 V to -3 V, which makes it suitable for al-
most all materials used in organic photovoltaics. Dichloromethane (DCM) is a good organic
solvent and can be used from +3 V to -1 V [137]. We have observed that ortho-dichlorobenze
(ODCB) is suitable for a voltage range from at least +2 V to -2 V.
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We usually use a mixture of a mixture of ortho-dichlorobenzene with acetonitrile (ACN), ratio
4:1, for measurements in solution and ACN for measurements in thin films. To this solu-
tion, we add 0.1 M of tetrabutylammonium hexafluorophosphate (TBAPF6) as the electrolyte.
TBAPF6, purchased from Sigma Aldrich, has a molecular weight of 387.4 g/mol and dissolves
quickly in acetonitrile and dichloromethane.
Oxygen contained in the solution can quench oxidation peaks of the cyclic voltammogram
and should be avoided. Ideally, the whole experiment should be performed in a nitrogen at-
mosphere. In the setup used here, that was not possible, but the solution was quenched by
bubbling oxygen-free nitrogen through a needle into the solution for around 5 - 10 minutes.
During the measurement, the needle was retracted and nitrogen continuously injected into the
top of the vial.
To avoid evaporation of the solvents (ACN in particular is very volatile and its evaporation can
alter the solvent mixture on a timescale of minutes), the nitrogen is saturated with solvent
vapour by bubbling the gas through a drechsel flask filled with ACN. This ensures stability of
the solution during several hours.
2.1.3.2 Electrodes
All measurements were performed using a three-electrode setup, with a working, a counter and
a reference electrode. The reference cell acts as a half-cell with known reduction potential,
while the current flows between working and counter electrode. The electrode types used were
Ag/AgCl as reference electrode, platinum (Pt, 0.01 mm2) as counter electrode and Pt or ITO
as working electrode. Pt and Ag/AgCl electrodes were purchased from Bioanalytical Systems
(BASi). The ITO pattern on the substrates is shown in Figure 2.4.
Careful pre-treatment of the electrodes is essential for precise and repeatable measurements.
The Ag/AgCl reference electrode needs to be stored in a 3 M aqueous sodium chloride solution
between experiments. When left in air, the membrane can dry and damage the electrode. If
the electrode remains for several hours in the experimental solution, e.g. during a long exper-
iment, electrolyte salts can diffuse into the electrode, which can alter the reference potential
by up to 0.1 eV.
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Figure 2.4: Schematic of the three-electrode voltammetry setup with reference, working and counter
electrodes. On the left side, a magnification of the patterned ITO working electrode is shown (dark
orange), the blue area indicates the level to which the electrode is covered in solvent
The working and counter electrodes need to be carefully cleaned before the measurement since
their surface condition can have a significant effect on the signal. Pt electrodes need to be
polished with aluminium oxide diamond polish on fine sand paper and cleaned afterwards with
distilled water, acetone and toluene. The ITO electrode needs to be sonicated in detergent,
acetone and IPA before usage or film deposition.
Drifting of the electrode potential due to varying surface treatment or storage can be cancelled
out experimentally by measuring against a reference material in the cell as internal standard
(see Section 2.1.3.3). More details on preparation, storage and cleaning of electrodes can be
found in [143] and [144].
2.1.3.3 Ferrocene reference
The ferrocenium/ferrocene couple, with a potential of 4.80 eV relative to vacuum [145, 146],
is a widely used internal standard for electrochemical measurements. After any measurement,
around 100 µl of 0.1 mM/l solution of ferrocene in ACN or DCM is added to the solution and
the measurement is repeated with the same experimental parameters to determine the relative
position of the Fc/Fc+ couple.
The electron affinity or ionisation potential can then be determined by comparing E1/2, V0 or
the reduction/oxidation onset of analyte and ferrocene.
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2.1.3.4 Experimental parameters
The VersaStudio software was used for both CV and DPV measurements. The optimal ex-
perimental parameters strongly depend on the analyte, but nevertheless this section discusses
the typical ranges of the most common parameters used during our studies.
For a CV measurement in solution, an analyte concentration of 1-5 mM/l is usually used. For
fullerenes, this corresponds to around 1-5 mg/ml. Typical scan parameters are shown in table
2.1. Usually, a few fast scans are used to determine the approximate position of the reduction
peak. For a more precise measurement, the scan speeds should be reduced as the system
should be in quasi-steady-state at all times. On the other hand, low scan speeds lower the
current and can make peak positions more difficult to determine. Scan speeds of 10-50mV/s
have been found to be suitable for most analytes.
Parameter Value
Scan rate [mV/s] 10-100
Initial potential [V] 0 or actual potential
Cycles 2-5
Table 2.1: CV parameters typical for measurements in solution
Compared to analyte solutions, thin films (Table 2.2) are affected much more by degradation.
Even though electron-transfer reactions are chemically reversible, CV measurements show a
quasireversible or even nonreversible behaviour. The most common degradation is film peel-off
due to high voltages or voltage spikes. To avoid voltage spikes, measurement in films should
always be started at the actual potential of the solution, which can differ significantly from
zero (especially if the previous measurement was aborted or did not terminate at zero poten-
tial). Much faster scan rates can reduce damage of the thin films, but even with very careful
handling most of the polymer films degrade during the first oxidation or reduction. Using
thicker films sometimes improves the reproducibility of results.
The DPV measurement may be more sensitive and simpler to evaluate, but many more param-
eters need optimisation. Table 2.3 gives parameters that have been used to measure fullerene
adducts. These values might be suitable for most other materials, too, but some manual
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Parameter Value
Scan rate [mV/s] 50-200
Initial potential [V] actual potential
Cycles 1
Film thickness [nm] 50-200
Table 2.2: Typical CV parameters in a thin film measurement of polymers or small molecules
adjustment (especially of step width, step height, pulse width and current range) might be
needed.
Parameter Value
Scan rate [mV/s] 10-50
Initial potential [V] maximal potential
Pulse height [mV] 50
Pulse width [s] 0.05
Step height [mV] 2-5
Step width [s] 0.2 - 0.3
Current range [µA] 2-20
E Filter [kHz] 1
I Filter [kHz] 1
Table 2.3: Typical DPV parameters in solution for the measurement of fullerene adducts
2.2 Steady-state spectroscopy
Steady-state spectroscopic methods are simple to use and provide great insight into the be-
haviour of polymer:fullerene photovoltaic blends. Measurement of the absorption (Section
2.2.1) can provide insight into the packing and morphology of molecules. Photoluminescence
(Section 2.2.4), especially quenching of the polymer emission, can be an indicator for energy
transfer and potential charge generation as well as blend degradation. Electroluminescence
(Section 2.2.3) allows, amongst other things, a precise measurement of the charge transfer
state energy in a working device.
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2.2.1 Absorption spectroscopy
When light with the wavelength λ passes through a medium, its initial intensity I0 is reduced
exponentially with optical density (Beer-Lambert-law):
Iλ = Iλ,0 10
−ODλ , (2.3)
where OD is the optical density (= Absorbance). In a solution, the optical density can be
written as sum of the individual N species in the solution,
OD(λ) = l
N∑
i=1
i(λ)ci , (2.4)
where l is the optical path length through the medium, i the molar decadic extinction coef-
ficient and ci the molar concentration of each species. For a stack of M solid thin films, the
optical density is defined as
OD(λ) =
M∑
j=1
j(λ)dj , (2.5)
where j is the absorptivity of the thin film with the thickness dj .
Features measured in absorption spectroscopy or ultraviolet-visible (UV-VIS) spectroscopy can
be assigned to different optical transitions in the absorbing materials. For example, a shoulder
at 610nm in the P3HT absorption spectrum is often interpreted as an indicator of the degree
of crystallinity [147]. Absorbance is measured with a Shimadzu UV-2550 spectrometer, which
is capable of measuring the optical density (OD) over a wavelength range from 200 nm to
1100 nm in a range of 0.01 < OD < 5.
2.2.2 Photothermal deflection spectroscopy
For the measurement of weak, intermolecular states, however, absorption spectroscopy is not
precise enough. Since the absorption coefficient is measured in transmission mode, i.e. by
subtracting two large numbers, the signal to noise ratio is quite low for weakly absorbing
species. Photothermal deflection spectroscopy (PDS) allows a much more precise measure-
ment of the absorption coefficient, with a sensitivity of up to 10−5 [148], albeit with an indirect
method. Absorbed photons heat the sample, which locally changes the refraction index of the
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medium in which the sample is immersed. This change in refractive index can be determined
precisely by measuring the deflection of a laser beam. The technique was introduced in 1981
by Jackson et al. and has been applied to organic samples in several occasions, revealing the
existence of an intermolecular absorbing state [149, 150, 89, 64]. The organic samples are
spin-coated onto a glass substrate and immersed into liquid FC-75 (a fluorocarbon derivative
of tetrahydrofuran). FC-75 is characterized by a large dn/dT, where n is the refraction index
and T the temperature. To heat the sample, a modulated monochromatic beam is focused
onto the organic film, producing heat that dissipates through the liquid (See Figure 2.5). The
absorbed heat changes the refractive index of the liquid and causes a periodic deflection of
the probe laser. This deflection can in turn be measured by a position-sensitive detector and
a lock-in amplifier.
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(modulated) 
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Figure 2.5: Electroluminescence setup with current source, sample, spectrometer and detector
Data presented in this thesis has been measured by Josef Klomfass at the Forschungszentrum
Juelich. Thin films had been deposited onto quartz glass (200 nm thick), packaged in a
nitrogen atmosphere, sent by mail and stored in vacuum upon arrival. Measurements were
then performed using FC-75 as medium, light from a halogen lamp as source and an InGaAs
as probe laser.
47
2.2.3 Electroluminescence
In Electroluminescence spectroscopy, electrons and holes are injected into an organic semicon-
ductor and radiative recombination is observed. In single-polymer devices with one electron-
and one hole-injecting electrode, the most simple form of an organic light-emitting diode, there
are three major pathways for recombination: at the electrodes, recombination of one trapped
and one free carrier, and recombination of two free or quasi-free carriers. Only the latter
recombination pathway emits photons close of the visible light. In organic heterojunctions, or-
ganic/organic interface provides an additional pathway for radiative recombination. Since this
recombination originates from an intermolecular exciton, with the hole located on the donor
material and the electron located on the acceptor material, it is usually named charge-transfer
emission.
Charge-transfer emission is of particular interest for organic photovoltaic devices with a type
II bulk heterojunction as the active layer, because it gives direct information about the energy
of the charge-transfer state at the donor-acceptor interface. This emission can be measured
with a light-sensitive detector, in our case an InGaAs photodiode array. Figure 2.6 shows the
setup used for our electroluminescence measurements. The setup and configuration of the
EL spectrometric system was undertaken jointly work with Thomas Kirchartz, all experiments
were performed jointly with Thomas Kirchartz and Wei Gong. Louise Hirst and Markus Fuhrer
helped us with their expertise.
Figure 2.6: Electroluminescence setup with current source, sample, spectrometer and detector
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In a typical measurement, the electroluminescent sample is mounted onto an XYZ stage and
aligned to the optical path of the Spectrometer, a Princeton Instruments Acton 2500SP. In the
spectrometer, operating at a band pass of 20 nm, the light beam passes a grating (300 G/mm,
blaze wavelength 1 µm) and is projected on a Princeton Instruments OMA-V:1024/LN InGaAs
photodiode array. Spectra are recorded using the ’Step and Glue’ algorithm of the WinSpec
software which automatically combines a set of measured spectra. In order to correct for noise
and the variations in quantum efficiency of spectrometer and detector at different wavelengths,
a dark image is subtracted from the saved spectrum and the result is corrected by the spectrum
of a calibrated halogen lamp. The unit of all spectra is photon flux in [1/(cm2 s eV )].
Alignment of the sample and uniformity of the electroluminescence are monitored by a Thor-
labs DCC1545M CCD camera, allowing for precise comparison of absolute quantum efficiency
between the samples. The comparability of absolute spectra is further ensured by the use of
samples with an active area of 8 mm2, larger than the slit opening of the spectrometer (max.
6 mm2). For these samples, the electroluminescence is measured in a plateau where light
intensity stays approximately even if the sample is misaligned by up to 1 mm. We are able to
measure a range covering three orders of magnitude in forward currents (1-1000 mA/cm2),
provided by a Keithley 238 power supply which is operated in constant current mode.
Figure 2.7: a) Energy level diagram of injection into a single organic semiconductor, recombination
in the bulk; b) Energy level diagram of injection into the components of a type II heterojunction and
recombination at the interface
Figure 2.7 shows the energy level diagrams and examples of the most common radiative re-
combination pathways in organic semiconductors and blends. If a single material is enclosed
between the electrodes, charge carriers can form an exciton in the bulk and recombine radia-
tively. In a type II heterojunction, electrons are injected into the electron acceptor and holes
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into the electron donor. For most type II heterojunctions, opposite charges recombine at the
interface, visible through an emission that is redshifted compared to the two pristine materials.
Some spectra of typical single layer organic electronic devices and a type II heterojunction are
shown in Figure 2.8
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Figure 2.8: Electroluminescence spectra of PCDTBT, PCBM and a blend of PCDTBT:PCBM.
Emission from the blend is cleary redshifted compared to any of the blend components
Electroluminescence spectroscopy has been intensively used for investigating organic light-
emitting diodes [151] and inorganic solar cells [78, 152], but has only recently been employed
in organic solar cells [153, 101, 154]. In our work, we use electroluminescence spectroscopy to
probe the energy of the charge transfer state (Section 5.1) and to investigate the competition
between the charge transfer state and other states in polymer:fullerene blends (Section 5.3)
2.2.4 Photoluminescence
In photoluminescence (PL) a sample is excited with light and its radiative emission is mea-
sured. This allows one to detect photoluminescence quenching in blends by studying the
photoluminescence spectrum (Section 5.3). Photoluminescence quenching is an indicator for
either energy transfer or charge transfer. In Chapter 5, we use PL to study energy transfer
and charge generation in polymer:fullerene blends.
Figure 2.9 shows the experimental setup for a typical photoluminescence measurement. A
light source (in our case a 473 nm diode laser) is directed onto the sample at an angle of
45 degrees to direct reflected laser light away from the spectrometer. Light emitted from
the sample is focused with the help of two lenses and directed onto the spectrometer slit.
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Figure 2.9: Photoluminescence setup used for near-infrared measurements. The sample is excited
by laser light at an angle of 45 degrees. The light emission is filtered for scattered laser light with a
longpass filter and is measured with a near-infrared sensitive spectrometer and photodiode array
A longpass filter (Thorlabs) is placed in front of the slit in order to filter out scattered laser
light. For light detection, the spectrometer and photodiode array from Section 2.2.3 are used.
Recorded spectra are corrected for background light and quantum efficiency of the detector
(see Section 2.2.3) and divided by the absorbance of the samples at the excitation wavelength.
For measurements at other excitation wavelengths, a Horiba Fluorolog spectrometer was used.
The use of a xenon lamp for excitation allows one to excite the samples at wavelengths from
300 nm to 700 nm. The sensitivity of the detector, however, greatly drops for wavelengths
longer than 800 nm, greatly limiting the investigation of low-bandgap organic materials.
2.2.5 External Quantum Efficiency
The photovoltaic external quantum efficiency (EQE or IPCE) is defined as the ratio of the
number of collected charge carriers Nel(E ) to the number of incoming photons Nph(E )of a
given energy E :
EQE (E ) =
Nph(E )
Nel(E )
(2.6)
The measurement of the wavelength-dependent photoresponse is performed by comparing the
current produced by a calibrated photodiode to the current of the solar cell at the same incom-
ing light intensity. Measurement with a lock-in amplifier allows one to determine the external
quantum efficiency with high sensitivity.
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Monochromatic light from a Xenon lamp with attached CVI DIGIKROM 240 monochroma-
tor was chopped at a frequency of 234 Hz (optimised for background in our laboratory) and
directed towards the organic photovoltaic device. The photocurrent was measured using the
current input of a lock-in amplifier (EG&G Princeton Applied Research 5210) with a pre-
amplification of 106. The measured spectrum was corrected with an equivalent measurement
of a calibrated silicon photodiode (for photon energies Eph > 1.2 eV) or a calibrated germa-
nium photodiode (for Eph < 1.2 eV).
Measurement with the lock-in amplifier allows very sensitive measurements of the solar cell
photoresponse. In most cases, the sensitivity of the measurement is limited by scattered white
light from the monochromator. A single stage monochromator has a typical signal-to-noise ra-
tio of 104, meaning that the intensity of the monochromatic light is around 10000 times larger
than the intensity of the scattered light that includes all wavelengths emitted from the xenon
lamp. If the scattered light is filtered with an appropriate longpass filter, the signal-to-noise
ratio can be improved to 105−106. In our setup, we use filters from Thorlabs with wavelengths
of 550 nm, 610 nm, 715 nm, 850 nm and 1000 nm. Figure 2.10 shows an example of the
external quantum efficiency of P3HT:PCBM on a linear and logarithmic scale, measured by
Wei Gong.
Figure 2.10: Measurement of the external quantum efficiency of a P3HT:PCBM blend on a linear
(left) and logarithmic scale (right). The measurements performed with different longpass filters are
shown in different colours
When the quantum efficiency of the blend is compared to the pristine materials, an additional
low-energy absorption band appears (see also Figure 5.1). We attribute this feature to the
absorption of an interfacial state, the charge-transfer state (more details in Chapter 5).
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2.3 Transient absorption spectroscopy
Transient Absorption Spectroscopy (TAS), a form of pump-probe spectroscopy [155], is used
in this thesis to estimate the yield of free charges as well as their recombination dynamics. As
in most pump-probe experiments, the system is perturbed by a light pulse, and the response
of the system is measured at different times after the perturbation. In our case, the system
is excited in the visible, which induces an absorption of the excited state, usually in the near
infrared. This additional absorption is related to the occupation of the excited state that is
probed and can be measured as function of time.
Figure 2.11: Transient spectroscopy setup. In a pump-probe measurement, the ground state is
excited by a N2 or dye laser. Using monochromatic light from a tungsten lamp combined with two
monochromators, the excited state can be probed at times ranging from 200 ns to 1 ms
Figure 2.11 shows the experimental setup used for measurements in this thesis, as well an
energy diagram of the measurement of a free carrier in a blend. The organic photovoltaic
blend is excited with a dye laser at a wavelength where it shows high optical density. Then,
the induced absorption is measured with monochromatic light from a tungsten lamp at a wave-
length typical for the probed species. The optical density (OD) of the excited state (in our
case a polaron on the polymer) is then measured at specific times after the excitation, usually
between 100ns and 1ms. More details on the experimental setup can be found in [155, 156]
Transient Absorption spectroscopy is a widely used and powerful technique. In organic solar
cells, it has been used to study charge separation [157], yield of generated charges [158][159]
and recombination dynamics [160, 161].
In our studies in Chapter 4, we probe the recombination of positive polarons on the polymer
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donor in polymer:fullerene blends, a process which can be approximated by a diffusion-limited
decay, for which a monotonic decay of OD ∝ t−α can be observed [162, 163]. Typical values
for α in polymer:fullerene solar cells are 0.3 - 0.5 [164, 161]. In order to determine the yield
of polarons in the photovoltaic blend, the amplitude of the measured optical density must be
corrected for the number of absorbed photons at the excitation wavelength.
2.4 Sample fabrication
Solar cell devices were fabricated on 12x12 mm substrates for current-voltage measurements
or on 16x16 mm substrates for Electroluminescence.
The active layer solution was prepwered in a cleanroom. Polymer:fullerene weight ratios range
from 1:1 to 1:4 and were specified in the experimental details. Between 20 and 60 mg/ml
were dwassolved in Chlorobenzene (CB), Ortho-dichlorobenzene (ODCB), Chloroform (CF)
or a mixture thereof. The solution was then heated on a hotplate 20-30◦C below the solvent
boiling point and stirred with a magnetic stirrer.
In a PTFE holder, ITO substrates were cleaned in detergent (Hellmanex II, 2 wt% in dem-
ineralwased water), Acetone and IPA. Substrates were then dried in a covered petri dwash
on a hotplate at 80◦C. Before layer deposition, the substrates were UV and ozone treated
in a plasma asher for 3 minutes at 100 W. Between plasma ashing and spin coating of the
PEDOT:PSS layer they should not stay in air longer than 15 min.
First, a PEDOT:PSS layer with the thickness of 30 - 80 nm was spincoated on top of the ITO
substrate. After annealing at 140◦ C on air, the active layer (80 - 200 nm, depending on the
materials) was immediately spincoated and the samples were transferred into the glovebox.
The top electrode (usually 20 nm Ca followed by 80 - 200 nm Al) was deposited under high
vacuum (pressure p < 10−6 mbar). The 16 x 16 mm samples were subsequently encapsulated
with a 1:1 mixture of epoxy and hardener and dried overnight.
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Chapter 3
Fullerene Multiadducts and Energetic
Disorder
Fullerene multiadducts are a promising set of acceptor materials since they show a higher
LUMO level compared to PCBM, significantly widening the range of available LUMO levels
for fullerenes. In this chapter we use results from a computational method developed by
Jarvist Frost that can calculate LUMO levels of fullerenes. We show that multiple isomers
with different LUMO levels are present in fullerene multiadducts, resulting in an additional
energetic disorder in pristine films and blends with polymers. We discuss the impact of energetic
disorder as well as different packing behaviour on electron mobility, charge separation and
device performance. This chapter consists mostly of joint work with Jarvist Frost. Field-effect
transistor measurements have been performed by John Labram and Paul Wo¨bkenberg.
3.1 Energy Levels of Fullerenes
Since the LUMO energy of the fullerene influences the energy of the charge-transfer (CT) state
and the open circuit voltage of the solar cell [32, 31], tuning of the LUMO level in fullerenes is
relevant to increase device performance. In this section, we measure LUMO levels of a variety
of different fullerene adducts and compare the results to time-dependent density functional
theory (TD-DFT) calculations performed by Jarvist Frost. We find that that fullerene LUMO
levels are mainly determined by the bridge between fullerene cage and sidechain and design
a set of fullerene heteroadducts with raised LUMO levels. Three fullerenes were synthesised
afterwards by the group of Professor Hua from the East China University of Science and
Technology (ECUST) in Shanghai.
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3.1.1 Design rules for fullerene LUMO levels
For the optimisation of energy levels in polymer:fullerene solar cells, much emphasis has been
put on changing bandgap, HOMO and LUMO levels of the polymer donors [165], optimising
these to suit the LUMO level of the electron acceptor, mainly C60 and PCBM. This is far from
the ideal situation, where a range of acceptors with different LUMO levels would allow mutual
optimisation. Nonetheless, little attention has yet been paid to specifically designing a range
of fullerene adducts and to establishing design criteria for controlling the LUMO level [32, 5].
Most of the fullerenes used in solution-processed solar cells have sidechains (cycloadditions)
bridged to the cage by a methano-bridge [166], raising the LUMO level by around 100 meV
compared to C60. The use of different bridging-units can lead to different LUMO levels:
sidechains bridged by an indene-bridge show LUMO levels raised by 20 - 40 meV compared
to methano-bridged adducts. Opening the cage of the fullerene and creating a ketolactam-
fulleroid reduces the LUMO level by around 100meV compared to C60 [167, 32]. In contrast
to the bridge, variation of the sidechain has little effect on the LUMO level: In a manuscript
studying the effect of fullerene solubility on device performance, Troshin et al. reported LUMO
levels of 20 different fullerene adducts with varying sidechains, all methano-bridged [114]. They
found that the variation in LUMO levels between the different compounds was almost negligi-
bly small (less than 20 meV), in agreement with other studies using a smaller set of fullerene
adducts [121, 168, 126, 169, 128].
The addition of multiple sidechains to the fullerene cage increases the LUMO level signifi-
cantly compared to monoadducts. The addition of a second methano-bridged adduct raises
the LUMO level by another 110 meV, while more adducts raise the energy levels even further
[169]. Figure 3.1 shows cyclic voltammetry scans of the first and second reduction potentials
of the methanofullerene PCBM and its multiadducts. With an increasing number of sidechains,
the peaks shift clearly but also appear to be less well defined: the difference between peak
potential Ep and half-peak potential Ep/2 (see Section 2.1.1.1) is increased. This is a first
indication for the energetic disorder present in fullerene multiadducts, discussed in Section
3.2.1.1.
Figure 3.2 shows LUMO levels of methano- and indenofullerenes (chemical structures of in-
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Figure 3.1: Exemplary cyclic voltammetry measurements of PCBM, BisPCBM and TrisPCBM nor-
malised to ferrocene (left) with calculated three-dimensional structures [1] (right)
denofullerenes depicted in Figure 3.3) with 1 - 3 adducts measured by DPV, confirming that
the energy levels are mainly determined by type of bridge and number of adducts. The addi-
tion of a methano-bridged sidechain raises the LUMO by about 110 meV, the addition of an
indene-bridged sidechain by about 150 meV.
Despite the large rise in LUMO level, the bandgap of the fullerenes stays almost constant.
Photoluminescence onsets shown in Figure 3.4 vary by less than 50 meV. This indicates that
the HOMO level rises parallel to the LUMO level as more sidechains are added to the fullerene
cage. This makes the fullerene multiadducts ideal to tune the energy offset in polymer:fullerene
blends, one of the main topics of this thesis (Section 5.3).
In Figure 3.2, TD-DFT calculations of the LUMO levels are compared to values measured
by DPV. Jarvist Frost developed the calculation method to determine the energy levels of
the fullerenes directly from the molecular structure [1]. Calculations agree well with the
measurements and allow the determination of the energy levels of fullerene adducts prior to
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Figure 3.2: LUMO levels of different fullerene adducts measured by DPV, compared to values cal-
culated by TD-DFT [1]
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Figure 3.3: Chemical structures of the indenofullerenes ICMA, ICBA and ICTA. For the multiadducts,
just one exemplary isomer is shown
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Figure 3.4: Photoluminescence of methanofullerenes (left) and indenofullerenes (right). The
methanofullerene data has been measured using a detector that is not sensitive above 800nm. There-
fore, the PCBM spectrum is shown as comparison to the indenofullerenes in the spectra on the right
synthesis.
3.1.1.1 Design of hetero-multiadducts
With the aim to further raise the LUMO level of the fullerene, energy levels for a large set
of fullerene adducts and multiadducts were calculated by Jarvist Frost [1]. From these cal-
culations, the group of pyrillidino-adducts as well as heteroadducts with one methano- and
one pyrillidine-bridged sidechain emerged as promising materials to show a high open circuit
voltage in blend devices, with a calculated LUMO level of 3.36 - 3.40 eV.
These results were presented to Professor Hua at ECUST who had previously synthesised
fluorinated fullerenes to increase air-stability as well as fullerene-dyads to increase absorption
[170, 171, 172, 173, 174]. We agreed that PCBM with a short pyrillidine-based sidechain
might lead to good packing as well as sufficient solubility in organic solvents. Her student
Ying synthesised pyrillidino-fullerenes in 2010 by adding a pyrillidine group with different end-
groups (hydrogen, phenyl and thiophene) to PCBM (see Figure 3.5). The fullerenes E2 and
E3 have been chosen because of the availability of simple synthesis routes, the LUMO level is
not expected to change by the different sidechain configurations.
Calculated and measured LUMO levels are shown in Table 3.1. Unfortunately, the high LUMO
levels predicted by the calculation were not measured in the experiment. The heteroadducts
showed a LUMO level very similar to BisPCBM instead. Moreover, the fullerenes showed im-
purities in DPV and MALDI-TOF measurements, possibly due to the rather difficult synthesis
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Figure 3.5: Stuctures of the fullerenes synthesised by ECUST, E1, E2 and E3 (from left to right).
Image created by Jarvist Frost
Fullerene Type of Adducts LUMODPV [eV] LUMODFT [eV]
E1 1x methano, 1x pyrillidine -3.61 ± 0.02 -3.78 ± 0.51
E2 1x methano, 1x pyrillidine-phenyl -3.61 ± 0.02 -3.40 ± 0.06
E3 1x methano, 1x pyrillidine-thiophene -3.60 ± 0.02 -3.36 ± 0.05
Table 3.1: LUMO levels of different fullerene adducts measured by CV or DPV, compared to values
calculated by TD-DFT [1]
of the pyrillidino-fullerenes.
A more detailed analysis of the TD-DFT results showed that an interband state is present
in the pyrillidine heteroadducts. This interband state is the HOMO of the pyrillidine-PCBM-
heteroadducts and is partly located on the sidechain, in contrast to the other states that are
delocalised over the whole fullerene cage. This gap state lowers the HOMO-LUMO gap from
1.9 eV to 0.8 eV in the calculation and was not observed in any of the other TD-DFT sim-
ulations. In the experimental absorption data, however, the bandgap of the three fullerenes
is unchanged when compared to PCBM. Possibly, this gap state is either not filled or is an
artefact of the calculation, but it still affects the calculation of the LUMO level. This could
explain the divergence between measured and calculated energy levels.
3.1.2 Aggregation effects
Since the DPV measurements in the section above were performed in solution and the TD-DFT
results were calculated for a single molecule in vacuum, their relevance for the energy levels
in solid films and blends with polymers might be questioned. When moving from solution to
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Figure 3.6: Absorption onset of PCBM determined in a chlorobenzene solution (left) and in a thin
film spin-coated from chlorobenzene (right)
solid state, energy levels can shift by aggregation or crystallisation [175]. Work by Piersimoni
et al. suggests that aggregation in thin films of fullerenes or blends with donor polymers can
be strongly influenced by type and length of the sidechain [122, 176].
Using a comparison of cyclic voltammetry measurements performed in thin film and solution,
we attempted to quantify the aggregation effects that occur in a pristine film. In Section
2.1.1.2, Figure 2.2 shows the reduction potential of a PCBM thin film. Comparison of the re-
duction onsets of PCBM and ferrocene result in an electron affinity EEA = 3.67 eV ± 0.05 eV,
comparable within error to the value measured by DPV, EEA = 3.72 eV ± 0.02 eV. Further
evidence for a small energy shift comes from a measurement of the absorption onset in solution
and thin film. Figure 3.6 shows an absorption onset Eopt = 1.72 eV ± 0.02 eV in chloroben-
zene solution and Eopt = 1.69 eV ± 0.03 eV in thin film spin-coated from chlorobenzene.
These results show that PCBM energy levels change little from solution to pristine thin film,
which enables us to use the more precise DPV measurements. If the fullerene is blended with
an electron donating polymer, however, additional shifts can occur. At the polymer:fullerene
interface, dipole moments as well as changes in aggregation at the interface compared to the
bulk can further shift the acceptor LUMO level [96, 177, 98]. In addition, the fullerene can
influence aggregation and crystallisation of the polymer in the blend [158].
One way to quantify these effects is a measurement of the interfacial properties directly in a
working solar cell. In Section 2.2.3, we have presented a technique to measure the electrolu-
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minescence from the charge-transfer (CT) state, which is directly related to the difference in
HOMO level of the electron donor and LUMO level of the electron acceptor. Comparing the
LUMO level shift measured in DPV ∆EDPV to the shift in energy of the CT state emission
∆ECT ,EL allows us to quantify the sum of all aggregation and interface effects.
∆EDPV [meV] ∆EEL,CT [meV] ∆EEL,CT [meV] ∆EEL,CT [meV]
to PCBM P3HT PCDTBT SiPCPDTBT
BisPCBM 125 ± 5 103 ± 10 112 ± 15 -
ICBA 181 ± 5 271 ± 20 210 ± 35 275 ± 15
ICTA 380 ± 5 - 367 ± 20 -
Table 3.2: Shifts in LUMO level compared to PCBM in solution (col 2). Columns 3 - 6 show the
shift in EL CT emission in blends with different polymers. For P3HT:ICTA and SiPCPDTBT:ICTA,
emission from the CT state is weak and covered by singlet emission, such that the determination of
the peak position is not possible
Table 3.2 compares ∆EDPV to ∆ECT ,EL in blends with different polymers. The shift in EEL,CT
generally follows the shift in acceptor electron affinity, especially for blends with the amorphous
polymer PCDTBT. Additional shifts up to 80 meV are visible in blends with the polymers P3HT
and SiPCPDTBT with ICBA. It is only possible to speculate on the origin of this additional
shift. Dipole moments at the polymer:fullerene interface could play a role [177], as well as
intercalation of the fullerene into the polymer chains [4] or other changes to the aggregation
behaviour of the polymer or fullerene [122]. The shifts ∆ECT ,EL are usually closely related
to changes in the open circuit voltage. Different processing of the active layer blend (e.g.,
change in solvent, spinspeed) can slightly alter EEL,CT , making it the main source of error in
the figures in Table 3.2. Batch-to-batch variations are in the order of 10 - 40 meV, comparable
to observed variations in Voc .
3.2 Fullerene multiadducts as mixture of different iso-
mers
In the previous section, we have shown that the LUMO level of fullerene adducts can be raised
by addition of multiple sidechains. But the addition of a second or third sidechain results in
the formation of multiple isomers in the compound. We find that the presence of multiple
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isomers leads to additional energetic and packing disorder, which can have significant conse-
quences for charge transport and charge separation, two important mechanisms for operation
of an organic solar cell. Especially transport is affected by less dense packing and by traps
introduced through isomers with high electron affinity.
3.2.1 Energetic disorder
Energetic disorder is a characteristic feature in disordered organic solids, usually referred to as
site disorder. Even with the assumption that all carriers have a single energy level, the random
structure results in a distribution of polarisation energies, leading to a distribution of states
[18]. It is thought that most carriers in organic solar cells are located within an energy range
that can be approximated by a gaussian with σ = 50−150 meV [18, 178, 179, 52]. Additional
energetic disorder can be introduced if carriers do have varying energy levels. In fullerene
multiadducts two types of additional energetic disorder occur: A variation of LUMO levels
between different isomers and energetic impurities, mainly residues of fullerene monoadducts
that remain in the blend after purification. Both types of energetic disorder can hamper
transport and hence device performance.
3.2.1.1 Different isomers increasing disorder
The increased width of the reduction peak observed in the cyclic voltammetry of fullerene
multiadducts (Figure 3.1) was a first indication for the presence of a variety of LUMO levels
in the compounds. Due to the shape of the peak, quantification of the energetic disorder is
difficult, however. DPV measurements allow a more precise determination of the energetic
disorder, since for a single-electron reversible reaction a gaussian peak with σ = 38.4 meV is
expected (Section 2.1.2).
Figure 3.7 shows the first reduction peak of PCBM and a variety of fullerene multiadducts,
normalised to the peak position. For PCBM as well as the ferrocene reference (not shown),
the peak corresponds well to a Gaussian with σ = (43 ± 1) meV, sufficiently close to the
theoretical value.
The peak of the fullerene multiadducts is a sum of several gaussian curves, each of them with
a width of 43 meV. The increase in σ therefore underestimates the energetic disorder in the
63
- 0 . 3 - 0 . 2 - 0 . 1 0 . 0 0 . 1 0 . 2 0 . 3 0 . 40 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
T r i s P C B M
B i s P C B M
I C T A
I C B A
 
 
Cur
ren
t (n
orm
alis
ed)
D i f f e r e n c e  t o  p e a k  e n e r g y  [ e V ]
P C B M
Figure 3.7: Comparison of the DPV measurements of PCBM to the fullerene multiadducts, normalised
and shifted by the peak position. The curve for PCBM agrees well to a single isomer with one distinct
electron affinity where the peak width is a result of analyte diffusion at the electrode. The additional
peak width in the fullerene multiadducts results from energetic disorder of the different isomers
multiadducts: The additional energetic disorder σED can be better approximated by [180]:
σED =
√
σ2MA − σ2PCBM , (3.1)
if σMA is the variance of a fit to the reduction potential of the multiadduct and σPCBM =
43 meV is the variance of the PCBM reduction potential. This approximation results in values
for σED of 21 - 32 meV for bisadducts and 51 - 54 meV for trisadducts (Figure 3.7). The
reduction potentials for the trisadducts, however, are deviating considerably from a gaussian
shape, probably a sum of at least four gaussian curves would be needed to recreate the shape
of the ICTA reduction potential.
This implies that a number of isomers with distinct LUMO levels must be present in the multi-
adduct compounds. Calculations of energy levels by Jarvist Frost for the isomers in BisPCBM
and TrisPCBM have identified seven relevant isomers for the case of bisadducts, ten isomers
for the case of trisadducts [180]. The calculation resulted in different LUMO levels for the
isomers, depending on the number of adducts as well as on the relative position of the dif-
ferent sidechains. Figure 3.8 shows a direct comparison between calculated LUMO levels and
measured DPV spectra. While the relative values compare very well, it is important to note
that the calculated LUMO levels are shifted compared to the determined electron affinity by
50 meV for ICBA and 100 meV for ICTA. But a relative comparison is sufficient to validate
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Figure 3.8: Differential Pulse Voltammetry (DPV) measurement of ICBA (left) and ICTA (right) with
calculated LUMO levels of the different isomers. Calculations are shifted compared to measurements
by 50 meV and 100 meV, respectively
the large range of LUMO levels that exist especially in ICTA. In this compound, the range
of electron affinities stretches over 200 meV, with some isomers having LUMO levels as low
as the ICBA mean value. For ICBA, the LUMO difference between the isomers amounts to
around 100 meV.
The presence of a range of LUMO levels in the fullerene phase may affect charge generation as
well as electron transport. Excitons reaching an interface between polymer and a low-LUMO
fullerene isomer might not separate into free charges and recombine instead. On the other
hand, some charge separation might still occur even if at the nominal energy level the en-
ergetic offset at the heterojunction is not high enough. An example for this might be the
photocurrent production of around JSC = 0.5 mA/cm
2 for SiPCPDTBT:ICTA (Figure 5.12)
and APFO3:ICBA (Figure 5.10), two blends with an estimated energy offset smaller than
0.1 eV. The photocurrent could originate from isomers with an electron affinity higher than
the value calculated by the peak of the DPV current.
Fullerenes with lower lying LUMO levels can as well act as trap states for electrons in the
fullerene phase and reduce hopping rates for electron transport, while impurities with a higher
LUMO should have no effect. The peak shape in Figure 3.7 suggests that low-LUMO impu-
rities, especially in ICTA and TrisPCBM, are in the order of 10%, a range where transport is
certainly affected. It remains to be seen, however, if these impurities are relevant for device
performance as well.
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3.2.1.2 Impurity levels in fullerene acceptors
Previous research suggests that solar cell performance strongly depends on the type of im-
purity. While solar cells with P3HT as an electron donor work with any mixture of PCBM
and ICBA as acceptor [181], impurities as C84 or Palladium (Pd) already reduce device per-
formance at a concentration in the order of 0.1% [182, 183]. The larger difference in energy
levels (the LUMO of C84 is 350 meV lower than the PCBM LUMO [184]) might play a role,
but to our knowledge, no systematic study on relating trap depth to electron mobility and
device behaviour has been done to date.
Low concentrations are difficult to detect in the DPV measurement, especially for impurities
with similar electron affinities to the analyte. For differences smaller that 200 meV, impurities
lower than 1% are likely to be covered by the analyte reduction peak. Therefore, mass spec-
trometry measurements on all studied fullerene multiadducts have been performed. Figure
3.9 shows the Matrix-assisted laser desorption/ionisation-time of flight (MALDI-TOF) mass
spectrometry results for BisPCBM and ICBA (data on the other fullerenes can be found in the
appendix). MALDI-TOF allows highly sensitive (<0.1 mol-%) measurements of compound
compositions [185].
In the case of Bis-PCBM (upper part of Figure 3.9), a clear peak is visible at its molec-
ular mass of MBisPCBM = 1101.1 g/mol. Apart from a small, non-identifiable impurity at
1163 - 1168 g/mol, significant contributions to the spectrum come from compounds with a
molecular weight below 700 g/mol. These compounds are probably residues of fullerene cages
(MC60 = 720 g/mol) broken up during the MALDI-TOF experiment and would not represent
impurities. Similar contributions with small molecular weight can as well be observed in the
MALDI-TOF data of ICBA in Figure 3.9. In addition to the ICBA peak (MICBA = 946.9 g/mol),
contributions of ICMA (MICMA = 833.8 g/mol) and ICTA (MICTA = 1060.1 g/mol) are visible.
Especially the ICMA impurity could be important for electron transport since the lower lying
LUMO level of ICMA compared to ICBA could create trap states. The impact on transport,
however, can only be discussed after considering effects arising from the presence of multiple
isomers and sidechains on packing and aggregation of the fullerenes. The next section will
discuss this packing disorder, effects of energetic and packing disorder will then be related to
electron transport in Section 3.2.3.
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Figure 3.9: Mass spectroscopy measurement of BisPCBM (top) and ICBA (bottom): BisPCBM
(MBisPCBM = 1101.1 g/mol) only shows significant impurities below a the molecular mass of C60
(720 g/mol), probably arising from fullerene cages broken up during measurement. ICBA shows a
clear signal of an ICMA impurity at MICMA = 833.8 g/mol
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3.2.2 Packing disorder
The Fullerene C60 and the fullerene adduct PCBM are known to form crystallites in thin films
[186]. In Differential Scanning Calorimetry (DSC) experiments, PCBM showed a crystallisa-
tion peak [?], which is not visible in methanofullerene multiadducts. Fullerene multiadducts
probably have a reduced ability to crystallise due to the presence of different isomers. To
date, no crystalline fullerene multiadduct has been reported. Crystallinity may not be neces-
sary in organic solar cells, but dense packing is relevant for transport since electron mobility
directly depends on the transfer integral which in turn depends on the intermolecular distance
[187, 188, 189]
Simulated time-of-flight (TOF) mobility measurements of fullerenes with sidechains of dif-
ferent lengths found that with increasing length of the sidechain the intermolecular distance
increases [135]. Molecular dynamics (MD) simulations showed a less dense packing of Bis-
PCBM when compared to PCBM [1]. This effect is also visible in the absorption data of
the fullerene multiadducts (Figure 3.10). Sharpness of the peaks in the absorption spectrum
decrease with a higher number of adducts, indicating more dispersed and less dense packing
of the multiadducts.
Mackenzie et al. calculated that an increase in intermolecular distance of 1 A˚ can reduce
the electron transfer integral by one order of magnitude [135]. Typical Carbon-Carbon bond
distances are around 1.2 A˚ - 1.5 A˚, so even when the smallest possible sidechain, a methano-
bridge, is present between the fullerene cages intermolecular electron transfer will be greatly
reduced. Moreover, sidechains are not conjugated and electrons would need to ’hop’ over the
potential barrier presented by the sidechain to an adjacent fullerene. Steric hindrance caused by
sidechains will therefore result in a greatly reduced number of pathways for electrons, reducing
overall electron mobility.
3.2.3 Impacts on transport and device performance
By measuring the electron mobility of the different fullerenes, we can study the impact of
energetic and packing disorder on electron transport. Figure 3.11 shows the FET mobilities
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Figure 3.10: Optical density of fullerene thin films spincoated from chlorobenzene (the indeno-
fullerenes are offset by 0.25). In the fullerene monoadducts PCBM and ICMA, clear peaks at 340 nm,
270 nm and 220 nm are visible. These peaks are less pronounced in case of the fullerene multiadducts,
an indication for more dispersed packing.
for all discussed fullerenes, with the addition of DPM12, a methanobridged monoadduct with
a long sidechain [190, 191, 121]. PCBM clearly shows the highest electron mobility µe , with
values around 0.01 cm2/Vs. For the other monoadducts, ICMA and DPM12, the electron
mobility is reduced by less than an order of magnitude, despite long sidechains in the DPM12.
When comparing the two bisadducts, ICBA and BisPCBM, two fullerenes with very similar
energetic disorder, it becomes clear that the additional packing disorder in the BisPCBM due
to the longer sidechains has a strong effect on electron mobility. BisPCBM shows a µe that
is almost one order of magnitude lower than ICBA. This suggests that both the addition of a
second sidechain and the length of the sidechains have a strong effect on the fullerene electron
mobility.
It is important to note that FET mobilities are measured at voltages and charge densities that
are much higher than during solar cell device operation. At these densities lower-lying states
in the DOS are probably filled, and energetic disorder is likely to have less impact than at solar
cell operating conditions.
In absolute terms the FET electron mobility of PCBM and other fullerenes (except TrisPCBM)
is very high, and it might well be sufficiently high for efficient device operation in blends with
polymers. Only studying the fullerene multiadducts in blends with P3HT and other donor
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Figure 3.11: Mobility of fullerene adducts and multiadducts, measured in a FET structure
polymers would enable us to find out if the advantages, namely the larger range of available
LUMO levels, outweigh the disadvantages, especially the less dense packing and lower electron
mobility. In the following chapter, we will study the behaviour of the methanofullerene and
indenofullerene multiadducts in blends with P3HT and other donor polymers, trying to identify
design rules for polymers that work well with fullerene multiadducts.
3.3 Conclusions
In summary, we have shown that for fullerene adducts, the LUMO level is determined by type
of the bridge and number of adducts rather than the type of the sidechain. We have shown
that for methanofullerenes and indenofullerenes, the calculated LUMO values agree well with
the measured electron affinity in cyclic voltammetry and differential pulse voltammetry. More-
over, we have shown that fullerene energy levels shift very little (< 80 meV) from solution
to photovoltaic blends with polymers, making calculations and voltammetry measurements
directly relevant for organic photovoltaic devices.
Since the second or third adduct can connect to the fullerene cage in different, non-symmetric
positions, fullerene multiadducts are a mixture of different isomers. Jarvist Frost has cal-
culated LUMO levels for the most relevant isomers formed during synthesis, and we have
been able to measure the energetic disorder in the materials using differential pulse voltam-
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metry. Calculations and experiment show a clear correlation, implying that energetic disorder
is strongly increased in multiadducts, especially the trisadducts ICTA and TrisPCBM. This
energetic disorder, as well as packing disorder, contributes to the lower electron mobility of
fullerene multiadducts compared to PCBM.
3.4 Experimental details
Voltammetry measurements in solution have been performed using Platinum electrodes as
counter and working electrode and Ag/AgCl as reference electrode. As electrolyte solution,
Acetonnitrile with 0.1 M TBAPF6 was used. Measurements in thin films used ITO as a working
electrode and ACN:ODCB (1:4) with 0.1 M TBAPF6 as electrolyte solution.
MALDI-TOF Mass spectroscopy was performed in positive ion mode by the Imperial College
Chemistry Mass Spectrometry service using a Micromass MALDI micro MX spectrometer.
Electroluminescence (EL) was measured using a Princeton Instruments Acton SP 2500
monochromator combined with a liquid nitrogen cooled InGaAs photodiode array (Acton
OMAV:1024). Spectral intensity was corrected with the spectrum from a calibrated halo-
gen lamp.
The electron mobility was measured in bottom gate (doped Si) - top contact field-effect tran-
sistors (see supporting information for the device architecture employed). The gate dielectric
consisted of 400 nm of thermally oxidized SiO2, passivated with a thin layer of thermally
cross linked benzocyclobutene. This device architecture has previously been shown to yield
negligible electron trapping at the dielectric/semiconductor interface and high device yield
and performance for several different soluble fullerene derivatives [?, ?]. Fullerene solutions
were spin coated from a 10 mg/ml chlorobenzene solution in nitrogen atmosphere. 60 nm of
Ca were evaporated through a shadow mask to pattern the source and drain contacts. I-V
measurements were performed in nitrogen atmosphere immediately after metal deposition. No
significant degradation of device performance in the glovebox was observed over the course of
several hours.
Computational Method [180]: Different fullerene adducts were generated as SMILES strings,
which uniquely define a molecular chemistry as a simple linear code. Smi23D was used to
automatically generate coarse 3D nuclear coordinates from the SMILES strings. These nuclear
coordinates were then used as the input to successive rounds of geometry optimisation with
the empirical Universal Force Field (UFF), Semiempirical Austin Model 1 (AM1), and hybrid
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density functional theory (DFT) (using the Becke, three-parameter, Lee-Yang-Parr (B3LYP)
hybrid functional and 6.31 g* split valence Pople basisset) using Gaussian 03. The HOMO
level of the adduct was taken as the energy of the highest occupied Kohn-Sham orbital with
tight convergence of the self consistent field at the DFT level of theory. The LUMO was
derived by adding the HOMO energy to the energy of the first singlet excitation calculated
using time-dependent density functional theory (TD-DFT). Molecular structures were created
with ’Pymol’ of DFT relaxed geometry structures (b3lyp/6-31g*) from Gaussian.
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Chapter 4
Effect of multiple adduct fullerenes on
charge generation and transport
The open-circuit voltage of a solar cell is correlated to the difference between the HOMO level
of the electron donor and the LUMO level of the electron acceptor [32, 95, 31]. Fullerene
multiadducts discussed in the previous chapter feature a high LUMO level and should therefore
be able to raise the open circuit voltage of a solar cell compared to a blend containing PCBM.
This is one path for a possible improvement in device performance, if the increase in open
circuit voltage does not lead to reduced photocurrent generation through a reduction of the
driving force for charge generation, ∆ELUMO .
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Figure 4.1: Energy level diagram of states in the donor and at the donor-acceptor interface, when
the photon is absorbed by the donor. Eopt refers to the bandgap of the donor, ECT ,EL is the energy
of a pair of free polarons, related to the difference between the ionisation potential of the donor and
the electron affinity of the acceptor
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Figure 4.1 shows the total energies of the states at the donor:acceptor interface. During charge
generation, a photogenerated exciton with the energy Eopt separates into a pair of free polarons
with the energy ECT . This fast (fs-ps) multi-step process involves the formation of a geminate
charge pair and the subsequent separation of the pair into free polarons [42]. A small ∆ELUMO
reduces the loss in potential energy, but might also reduce the rate of charge generation. It
is therefore desirable to find material systems where charge generation is achieved with low
∆ELUMO . The energy needed to drive the process of charge generation is not well known
[81, 49], but P3HT:PCBM systems show an efficiency of electron transfer close to unity [54],
indicating room to reduce ∆ELUMO while raising ECT , e.g. by adjusting the electron affinity
of the acceptor.
In the previous chapter, we have introduced fullerene multiadducts that have a higher LUMO
level than PCBM. By employing these multiadducts in blends with polymers, we study how
the multiadducts perform in organic solar cells. In the first study of this chapter (Section
4.1), joint work with Dr. Panos Keivanidis, we study the performance of P3HT with different
methanofullerenes, PCBM, BisPCBM and TrisPCBM, for whigh ∆ELUMO varies from 0.8 eV
to 1.0 eV. In the second study (Section 4.2), performed with Wei Gong and Dr. Thomas
Kirchartz, we study a larger range of ∆ELUMO (0 - 1.0 eV) by extending the set of polymers to
PCDTBT and SiPCPDTBT and using different fullerene multiadducts, namely ICMA, ICBA
and ICTA. Apart from changing ∆ELUMO and ECT , the use of fullerene multiadducts influences
transport and morphology. In both sections, we assess how the low electron mobility (caused
by energetic disorder and less dense packing) as well as changes in microstructure affect the
device performance.
4.1 Blends of P3HT with PCBM and its multiadducts
In this section, based on work performed with Panos Keivanidis, we study the effects of
fullerene electron affinity and blend film microstructure on the efficiency of photo-induced
charge pair separation and the influence of the fullerene electron mobility on charge recom-
bination dynamics in P3HT:fullerene blend films. We use three different fullerene adducts:
MonoPCBM, BisPCBM and TrisPCBM, that possess different electron affinities and lead to
different microstructures. Photophysical and microscopic studies indicate that the choice of
fullerene strongly influences the film microstructure. On the other hand, TAS studies indicate
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that charge generation efficiency for this range of ∆ELUMO (0.6 - 0.8 eV) is unaffected by the
energetic driving force due to the difference in electron affinities. Blend film microstructure
and electron mobility appear to be the major parameters that affect the magnitude of pho-
tocurrent generation.
4.1.1 Results and Discussion
First, we would like to refer to Figure 3.1 in Chapter 3, where we have shown the Cyclic
Voltammetry (CV) measurement of the fullerenes used in this study. Electron affinities of the
different fullerenes in this study, namely MonoPCBM, BisPCBM and TrisPCBM (referring to
one, two and three adducts), have been determined from cyclic voltammetry (CV) studies of
fullerene adduct solutions and the energetic offset ∆ELUMO has been calculated (Table 4.1)
1.
Fullerene EEA [eV] µe,FET [cm2/Vs] ∆ELUMO [eV]
PCBM 3.72 ± 0.02 (4.0± 0.4) · 10−2 1.06 ± 0.03
BisPCBM 3.61 ± 0.02 (2.7± 0.3) · 10−3 0.96 ± 0.03
TrisPCBM 3.50 ± 0.02 (5.5± 0.5) · 10−6 0.85 ± 0.03
Table 4.1: Electron affinities and electron mobilities (measured in an FET structure) of mono-, bis-,
and tris-PCBM
A reduction in electron affinity of approximately 110 meV is found for each additional sidechain,
corresponding to a rise in the energy of the lowest unoccupied molecular orbital (LUMO) by
the same amount. The measured CT electroluminescence shifts accordingly, resulting in a de-
crease in ∆ELUMO from 1.06 eV for P3HT:PCBM to 0.96 eV for P3HT:BisPCBM to 0.85 eV
for P3HT:TrisPCBM . However, it is important to note that both BisPCBM and TrisPCBM are
a mixture of different isomers (because the second/third adduct can be connected in different
positions), which may result in a less well defined LUMO level [180].
1In the original paper with the title Effect of multiple adduct fullerenes on charge generation and transport
in photovoltaic blends with poly(3-hexylthiophene-2,5-diyl), the offset at the type II heterojunction in the
blends has been calculated by subtracting the difference between acceptor HOMO and polymer LUMO from
the optical bandgap of the polymer [9]. At a later stage, however, we have developed a much preciser method
to measure the heterojunction offset via measurement of the CT electroluminescence. The section in this
thesis has been updated accordingly
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Figure 4.2: Optical and morphological properties of the P3HT:fullerene blends: P3HT:mono-PCBM
(black squares), P3HT:bis-PCBM (red circles), P3HT:tris-PCBM (blue up-triangles) and P3HT pris-
tine (orange down-triangles). a), b) The UV-Vis absorptance spectra of the as spin-coated (a) and
annealed (b) films.c), d) Photoluminescence spectra of the as spin-coated (c) and annealed (d) film.
e), f) AFM average roughness values of as spin-coated (e) and annealed (f) film. All measurements
were performed in ambient conditions and the films were deposited onto quartz substrates. Photolu-
minescence spectra were recorded for λexc = 500 nm and were corrected for film absorbance at the
excitation wavelength.
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The addition of sidechains to the fullerene cage leads to differences in the microstructure of the
active layer. The comparison of the UV-Vis spectra of a pristine P3HT film with the spectra
of the P3HT:PCBM, P3HT:BisPCBM and P3HT:TrisPCBM blend films before annealing is
shown in Figure 4.2a. We consider the strength of the UV-Vis absorption shoulder around
610 nm as an indicator of the degree of P3HT crystallinity in the blend film [147]. For the as
spin-coated films, the intensity of the absorption feature at 610 nm gradually decreases from
pristine P3HT to P3HT:TrisPCBM to P3HT:BisPCBM and then to P3HT:PCBM, indicating
progressively disrupted P3HT interchain packing by the fullerene [192]. We suggest this is
the result of a size exclusion effect; the additional sidechains attached onto the fullerene cage
prevent PCBM molecules from closely approaching P3HT chains and disrupting the stacking
of the P3HT chains. A previous study [193] has shown similar effects in the UV-Vis spectra
of P3HT:C60 compared to P3HT:PCBM, attributed to the even smaller volume of the C60
molecule. The surface roughness of the spin-coated P3HT:fullerene blend films (Figure 4.2b)
parallels the absorption intensity at 610 nm, indicating that the formation of P3HT crystallites
dominates the roughness. Thus, the data indicates that P3HT chain packing and consequent
crystallisation is progressively disrupted as the number of sidechains is reduced. As Figure
4.2d depicts, thermal annealing of the blends results in the reorganization of the P3HT chains
and in the partial recovery in the molecular order of the P3HT chains. The magnitude of
this recovery is greatest for the P3HT:PCBM blend film, which was the most disrupted before
annealing. As a result, the P3HT:PCBM film shows the highest polymer crystallinity and
roughness of the three blends after annealing (Figure 4.2f). Optical micrographs of the an-
nealed films (Figure 4.3) show the formation of micrometre-sized aggregates only for the case
of P3HT:PCBM. Previous studies of the dynamics of microstructural changes during annealing
[194] have shown that PCBM aggregation and domain growth occurs after the polymer chain
crystallisation, probably aided by the densification of the polymer chains. The absence of large
PCBM domains for the BisPCBM and TrisPCBM based blends suggests that the steric bulk
of the fullerenes hinders their diffusion and aggregation.
In order to gain more insight into the effects of morphology changes on the exciton dissociation
efficiency, time-integrated photoluminescence measurements of the films have been performed
(Figure 4.2c,d). In the as spin-coated films, as the number of sidechains in the fullerene in-
creases, the P3HT PL intensity increases and approaches that of the pristine P3HT film. Thus,
exciton dissociation appears to become less efficient as the adduct number increases, while
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Figure 4.3: Optical micrographs of blends composed of P3HT and PCBM (left), BisPCBM (middle)
and TrisPCBM (right) after spincoating (top) and subsequent annealing (bottom). Only the annealed
P3HT:PCBM films show micrometer-sized fullerene domains
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in the annealed films it seems to be comparable. However, in the solid state, PL quenching
in P3HT:fullerene blends is the result both of exciton dissociation at the interface and of a
non-radiative exciton decay pathway that becomes more important with the degree of P3HT
crystallisation [158]. Therefore we cannot disentangle the two possible effects of fullerene
adduct number on PL quenching, namely the effect of P3HT crystallinity and the effect of
exciton dissociation efficiency. However, the trend in PL intensity for the non-annealed blend
films is compatible with a less fine dispersion of fullerenes among the P3HT chains as adduct
number and molecular size increases. Finally, whilst PL provides a reasonable guide to examine
exciton dissociation efficiency, it gives no direct information on the efficiency of photoinduced
charge generation, which is necessary for production of photocurrent.
Therefore, the dependence of photoinduced charge generation efficiency on the fullerene adduct
number has been measured by Dr. Panos Keivanidis with transient absorption spectroscopy
(TAS). We have shown previously that in the time range of µs, the transient absorption
intensity signal ∆OD of the P3HT:fullerene adduct blends reflects the concentration of the free
charges in the blend [158, 159]. Here, we have measured the transient absorption signal ∆OD
of each of the P3HT:fullerene films after excitation at an excitation wavelength λexc = 510 nm,
and we probe the excited state absorption at λprobe = 900 nm, where the P3HT cation is known
to absorb on the ns-ms time scale [49]. The value of ∆OD at 1 µs after excitation is shown
in Figure 4.4 for all annealed films.
The TAS data shows that, in spite of the reducing driving force ∆ELUMO as the adduct
number increases, the efficiency of free polaron formation varies by less than 20%. In
fact, P3HT:BisPCBM delivers the highest charge photogeneration efficiency. No trend with
∆ELUMO was observed either before or after annealing. It appears that within this range of
∆ELUMO the driving force for charge transfer is always sufficient and that other factors such
as microstructure, and possibly also electronic coupling between polymer and fullerene are
stronger determinants of trends in charge generation than ∆ELUMO [195, 196].
The time evolution of the TAS signal (decay of ∆OD) reflects the bimolecular recombination
of charge carriers. On a time scale of µs and longer, it is believed to be limited by detrapping
of charge carriers from the tail of the density of states [160]. Higher mobility and shallower
traps increase recombination, leading to a faster decay of ∆OD [162, 164]. Here, the most
long lived ∆OD signal is found for the P3HT:TrisPCBM system whereas for the P3HT:PCBM
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Figure 4.4: Dynamics of the free carrier recombination measured with transient absorption spec-
troscopy, before (left) and after (center) annealing. transient absorption intensities of P3HT:fullerene
adduct films at 1 µs (right). The films are annealed P3HT:PCBM (black squares), P3HT:BisPCBM
(red circles) and P3HT:TrisPCBM (blue triangles).
system the recombination dynamics are fastest. This trend suggests that recombination is
more strongly limited by trapping for the blend films made with higher adducts. Since the
P3HT crystallinity is similar for the three annealed films, the differences in kinetics are likely
to result from differences in electron transport through the fullerene phase. This is confirmed
by measurements of the electron mobility of the fullerenes in an FET structure (Table 1).
The electron transport is significantly slowed as the adduct number increases. Especially for
TrisPCBM, the mobility is greatly reduced. This could result from the effect of steric hin-
drance in slowing intermolecular electron transfer and the effect of isomer induced energetic
disorder on electron trapping [180]. Increased variation in intermolecular hopping distance and
increased site energy difference will both make the transport more dispersive with increasing
adduct number, so leading to the observed slower decay.
The device data, presented in Figure 4.5, shows that the open circuit voltage increases upon
replacing PCBM with BisPCBM but with a small drop in photocurrent (JSC ) which is consistent
with the similar charge generation yield. However, when the BisPCBM is replaced by the
TrisPCBM, JSC drops drastically. This cannot be explained by the loss in charge generation
efficiency and must thus result from poorer charge collection. This is a plausible consequence
of the much slower electron transport, as indicated by FET mobility measurements and TAS
kinetics. Because of the very poor charge collection, VOC does not reach the value expected
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Figure 4.5: Current density as a function of applied bias for
ITO/PEDOT:PSS/P3HT(mono/bis/tris)-PCBM/Al devices. Left: with no illumination, loga-
rithmic scale, right: under illumination of 900W/m2 (AM 1.5D)
from the larger energy of ECT . The low electron mobility increases recombination and therefore
reduces short circuit current as well as open circuit voltage. Such a reduction of photocurrent
with lower charge carrier mobilities has been calculated by Brabec et al. [197]. For the case
of P3HT with the PCBM multiadducts, it seems that a reduction of one order of magnitude
in electron mobility (see Table 4.1), as observed for the BisPCBM, does not reduce the
photocurrent significantly. The electron mobility of TrisPCBM, however, is too low to enable
efficient charge collection.
4.1.2 Conclusions
We have used three different [60]PCBM adducts for preparing composite blends of P3HT
and we addressed the impact of the addition of multiple sidechains on charge generation, mi-
crostructure and recombination. The degree of crystallinity of the P3HT in the as spin-coated
blend films increases with the number of sidechains attached to the fullerene. At the same
time, thermal annealing improves the crystallinity of the P3HT in the blend films and the effect
is more pronouced for fewer sidechains. However, the observed differences in microstructure
between the blends with BisPCBM and TrisPCBM are not big enough to explain the differ-
ence in device performance. Moreover, the observation that the charge generation efficiency,
as monitored using transient absorption spectroscopy, does not depend on the electron affinity
of the acceptor shows that the differences in device performance cannot be explained either by
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the differences in driving force, ∆G in the range studied. On the other hand, electron mobility
is lower for the fullerene multiadducts, especially for P3HT:TrisPCBM. The very low electron
mobility in the TrisPCBM blend is likely to lead to reduced charge collection efficiency and
could thus explain the poor device performance
4.1.3 Experimental Details
P3HT was provided by Merck Chemicals, PCBM and its multiadduct analogues by Solenne BV.
The materials were used as received.
Cyclic Voltammetry of the fullerenes has been performed in ODCB:ACN (4:1) solution, with
0.1M Bu4NPF6 vs. Fc/Fc+. Working and counter electrodes were Titanium, reference elec-
trode Ag/AgCl, scan rate 10 mV/s. The electron affinity is determined from E 1/2 vs. ferrocene
(Fc: 4.8 eV). Molecular structures were created with ’Pymol’ of DFT relaxed geometry struc-
tures (b3lyp/6-31g*) from Gaussian.
Steady state UV-Vis and time-integrated PL spectroscopic measurements were performed with
a Shimadzu, UV 1601 spectrophotometer and a Horiba Jobin Yvon, Spex Fluoromax I spec-
trofluorimeter, respectively. Transient absorption decays were measured by exciting the sample
film, under a nitrogen atmosphere, with a dye laser (Photon Technology International Inc.,
GL-301) pumped by a nitrogen laser (Photon Technology International Inc., GL-3300). The
excitation wavelength used was 500 nm, with pump intensities ranging between 4 and 6 µJ
cm−2 (linear regime). A quartz halogen lamp (Bentham, IL 1) was used as a probe light
source with a probe wavelength of 900 nm. The probe light passing through the sample film
was detected with a silicon photodiode (Hamamatsu Photonics, S1722-01). Atomic Force
Microscopy (AFM) was performed in tapping mode (Pacific Nanotechnology, Nano-R2) and
the arithmetic average of the absolute values was used as roughness.
Films for UV-Vis absorption, PL, TAS and AFM have been spincoated from P3HT:fullerene
solutions in chlorobenzene, 1:1 in weight.
Photovoltaic devices were prepared by spincoating PEDOT:PSS onto a patterned ITO sub-
strate (cleaned with detergent, acetone and isopropanol) at 2000 rpm. After annealing at
140 ◦C, the active layer solution (25 mg/ml P3HT in chlorobenzene, 1:1 wt% P3HT:PCBM)
was spincoated at 1300 rpm. Subsequently, an Aluminium cathode was vacuum deposited and
the substrate was annealed at 140 ◦C for 30 minutes. Current-voltage curves were measured
in nitrogen atmosphere with an Oriel solar simulator (AM 1.5D) at ≈ 900W/m2. Active layer
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solutions for P3HT:BisPCBM and P3HT:TrisPCBM have been prepared at the same molarity
as the P3HT:PCBM solution and processed under the same conditions.
4.2 Blends of other polymers with a variety of fullerene
multiadducts
In the previous section, we studied blends with P3HT and different methanofullerenes. We
found that for this system, charge generation is not affected by the smaller offset at the type II
heterojunction. In this section, we study a larger variety of polymers and fullerenes to establish
more general conclusions on the behaviour of such blends.
4.2.1 Introduction
As we have seen previously, devices with a blend of P3HT and BisPCBM as active layer per-
form well compared to blends with P3HT and PCBM. In our work, we have found comparable
device efficiencies for both blends, in the order of 3.0-3.2% for the best devices, Lenes et al.
have found an improvement in device efficiency from 3.8% to 4.5% when PCBM was replaced
with BisPCBM. He et al. have published improved device efficiencies with P3HT and indeno-
fullerenes, namely ICMA and ICBA, with device efficiencies ranging from 5.5-6.5% with ICBA
[7, 129]. The indenofullerenes, acceptor materials developed and used by Plextronics for many
years [198], were thought to be superior to PCBM. Unfortunately, P3HT remains the only
polymer in this respect: most of the more recently developed polymers show strongly reduced
photocurrent and fill factor when PCBM is replaced by ICBA.
Thanks to Plextronics, who provided the Indenofullerenes as well as insight and data from
their efforts to optimise blends with indenofullerenes, we were able to study the behaviour
of ICBA in blends with various polymers. Most of the results presented in this section are
based on work with Wei Gong, who fabricated most of the devices, Safa Shoai, who measured
most of the TAS data, and George Dibb, who helped measure the corrected Photocurrent.
In this section, we will find various reasons for the low performance of fullerene multiadducts
with polymers other than P3HT. We find that for most of the studied polymers, the energetic
offset at the type II heterojunction is not large enough to allow charge generation with most
multiadducts. In addition, energetic as well as packing disorder in the fullerene multiadducts
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Figure 4.6: Power conversion efficiencies of polymer:fullerene blends with fullerene multiadducts
compared to PCBM as acceptor. The plot includes data from proprietary Plextronics polymers (XC-
2010, XC-3000, XC-3010) and published device data (open symbols) of PBTTT [4], P3HT [5, 6, 7]
and SiPCPDTBT [8]
limits transport which in turn affects charge generation and charge collection.
4.2.2 Power conversion efficiency with fullerene multiadducts
Indenofullerenes, fullerenes with one ore more indene groups as adduct, were developed by
Plextronics in 2006 as alternative acceptor materials for polymer:fullerene solar cells [198].
Blending the indenofullerene bisadduct ICBA with P3HT lead to a device with an NREL
certified device efficiency of 5.4% in 2007 [199], the highest efficiency for small-area organic
solar cells at that time. With most polymers other than P3HT, however, replacement of
PCBM with a fullerene multiadduct led to strongly reduced device performance.
Figure 4.6 shows the power conversion efficiency of polymer:fullerene blends with PCBM and
various polymers. For all polymers except P3HT, the cells show considerably lower power
conversion efficiency (PCE) when fullerene multiadducts are used as acceptor materials. The
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PCE is especially low when ICTA is employed as fullerene.
4.2.3 Energetic offset at the type II heterojunction
The energetic offset at the heterojunction drives the separation of bound polymer or fullerene
excitons into polaron pairs [12, 197] and it is debated how high this energetic offset needs
to be to allow efficient charge separation [81, 18], with values ranging from 0.1 eV [50] to
0.8 eV [49]. Large uncertainties arise from different definitions of the charge transfer state
[31, 95, 153] and from shifts in energy levels from pristine materials to blend interfaces [96, 98].
In all cases, however, the charge transfer state is related to the difference in HOMO level of
the donor and the LUMO level of the acceptor. In this work, we define the energy of the
charge transfer state by the peak of its emission ECT,EL, similar to Tvingstedt et al [153]. If we
estimate the energy of a relaxed exciton by the absorption onset of the polymer or fullerene,
this gives us two energetic offsets at the heterojunction: ∆ELUMO, related to the offset of
lowest unoccupied molecular orbital (LUMO) of donor and acceptor and ∆EHOMO, related to
the difference in highest occupied molecular orbital (HOMO) of donor and acceptor.
∆ELUMO = Eopt,polymer − ECT,EL and ∆EHOMO = Eopt,fullerene − ECT,EL, (4.1)
with Eopt being defined as the absorption onset (Eopt,fullerene = (1.70± 0.02) eV, Eopt,polymer in
Table 4.2). As most photons are absorbed by the polymer, ∆ELUMO is usually used as rele-
vant offset for charge generation, which occurs at a timescale of femtoseconds [42, 200, 43].
Fullerenes, however, are very efficient energy transfer acceptors [201, 202, 203], and if ∆EHOMO
is not large enough to enable charge separation from the fullerene, generation of free polarons
in the blend might be affected. For low bandgap polymers (i.e., polymers with Eg < 1.70eV),
this distinction is less relevant, as most photons are absorbed in the component with smaller
energetic offset (∆ELUMO < ∆EHOMO).
Combining fullerene multiadducts with polymers of smaller bandgap or lower HOMO level
compared to P3HT enables us to tune the energy offset at the type II heterojunction by more
than 0.8 eV. Compared to the methanofullerene multiadducts BisPCBM and TrisPCBM used
in blends with P3HT in the previous section (4.2.6), the indenofullerenes ICBA and ICTA show
considerably higher LUMO levels when measured with DPV (see Section 3.1). Aggregation
effects up to 80 meV can occur in the blend, but in general the shift of the charge transfer
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state follows the shift in LUMO levels when the fullerene in the blend is altered [122] (see
Section 3.1.2).
∆ELUMO / ∆EHOMO [eV] in blends of polymer and
Polymer Eg [eV] PCBM BisPCBM ICBA ICTA
MDMOPPV 2.15 0.93 / 0.48 0.81†/ 0.36† 0.77 / 0.32 0.57†/ 0.12†
P3HT 1.93 1.06 / 0.83 0.96 / 0.73 0.80 / 0.57 0.60†/ 0.37†
PCDTBT 1.90 0.73 / 0.53 0.60 / 0.40 0.52 / 0.32 0.32 / 0.12
PFODTBT 1.88 0.54 / 0.36 0.41 / 0.23 0.30 / 0.12 0.10†/ <0.0†
SiPCPDTBT 1.52 0.53 / 0.71 0.37 / 0.55 0.26 / 0.42 0.06†/ 0.24†
Table 4.2: Absorption onsets (typical error 0.02 eV) for polymers and values of ∆ELUMO and
∆EHOMO for polymer:fullerene blends (typical errors are 0.03 eV - 0.05 eV). The absorption on-
set of the fullerene is 1.70 eV ± 0.02 eV. †Values are estimated from the LUMO level difference
observed in DPV in blends with the same polymer and are therefore less reliable.
Table 4.2 shows all energetic offsets for the studied blends, with ECT,EL measured using elec-
troluminescence. For all polymers, the energetic offset is smaller than P3HT, suggesting that
the LUMO levels of recently developed polymers are more optimised for PCBM as electron
acceptor. This is probably due to the establishment of PCBM as quasi-standard electron ac-
ceptor for polymer:fullerene solar cells. Usually, newly synthesised polymers are tested with
PC60BM or PC70BM, and if they show a low performance, especially a low open-circuit volt-
age, they are discarded and not published. Only if a material shows high performance with
PCBM in preliminary tests, other material properties of the polymer as molecular weight, pu-
rity and polydispersity are further optimised. All of the polymers shown in Table 4.2 have been
optimised with PCBM or C60 first and then used in blends with fullerene multiadducts.
4.2.4 Effect of energetic offset on charge generation
In the first section of this chapter, Section 4.2.6, we have shown that in blends with P3HT
charge generation (measured with Transient Absorption Spectroscopy) is not affected by the
reduced energetic offset and strongly reduced mobility of the methanofullerene multiadducts
BisPCBM and TrisPCBM. These blends feature a rather large ∆ELUMO around 0.8 eV - 1.0 eV.
Using Transient Absorption Spectroscopy, we now evaluate the effect of a reduced ∆ELUMO
on charge generation for smaller values of ∆ELUMO from 1 eV to almost zero.
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Figure 4.7: a)-c) Transient Absorption decay of polarons measured in polymer:fullerene blends with
P3HT (a), SiPCPDTBT (b) and PCDTBT (c) as electron donor. As electron acceptors, PCBM
(black), BisPCBM (orange), ICBA (red) and ICTA (blue) are used
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Transient Absorption Spectroscopy (TAS) is a widely used and well-established tool measure
charge generation in photovoltaic blends [164, 204, 159]. It allows the user to determine the
yield and decay dynamics of photo-induced polarons in polymer:fullerene blends by measuring
the polaron absorption in a pump-probe setup. If free charge carriers are generated, the TAS
decay is limited by diffusion of free charge carriers to the interface, which is visible as a mono-
tonic power-law decay of the polaron absorption signal, proportional to t−α, α being a decay
constant related to the trap depth of the material limiting recombination [162]. In organic
solar cells, where both carriers need to return to the interface to recombine, the decay is likely
to be determined by the lower mobility of of either holes or electrons in the blend [163].
Figure 4.7 shows the polaron yield (defined as the TAS signal at t = 300 ms) and decay in
blends of P3HT, SiPCPDTBT and PCDTBT combined with four different fullerene adducts:
PCBM, BisPCBM, ICBA and ICTA. In blends with P3HT (Figure 4.7a), the acceptors PCBM,
BisPCBM and ICBA do show a similar yield in charge generation, while the polaron yield of
the blend with ICTA is reduced by more than half. It is likely that in the P3HT:ICTA system
with ∆ELUMO = 0.60 eV, the polaron yield is affected by the small energetic offset. Properties
inherent to tris-adducs, as larger intermolecular distances, might be another explanation. The
trisadduct of PCBM, TrisPCBM, however, showed a charge generation equal to the blend
with PCBM at a ∆ELUMO of 0.85 eV [9], making this explanation unlikely. The decay dy-
namics differ significantly between the various fullerenes in blends with P3HT: All blends show
the typical polynomial decay ∆OD ∝ t−α, but the decay parameter α differs significantly.
P3HT:PCBM shows a rather fast decay (α = 0.58) compared to the blends with ICBA and
BisPCBM (α = 0.45 − 0.47) and ICTA (α = 0.19). This indicates that the fullerene mul-
tiadducts have a lower electron mobility in the blend when compared to the hole mobility of
P3HT.
In the case of SiPCPDTBT (Figure 4.7b), the energetic offsets are much smaller, ranging from
∆ELUMO = 0.53 eV in the blend with PCBM to ∆ELUMO ≈ 0.06 eV in the blend with ICTA.
Despite these small offset, the charge generation is high for blends with all acceptor materials
except ICTA. For SiPCPDTBT:ICTA, the signal was too low to be measured in the linear
range of the polaron absorption, i.e. where the polaron yield is approximately proportional
to the optical density at the probe wavelength [160]. The signal is therefore estimated from
a measurement at 8 µJ, which is likely to be in the saturation regime. The yield of charge
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Figure 4.8: Polaron yield in blends with polymers and various fullerenes, measured with TAS at 300
ns (2 µs and extrapolated 300 ns for PCDTBT). The data is normalised to the yield with PCBM,
the lines are a guide to the eye. Data of P3HT:TrisPCBM (∆ELUMO = 0.85) was taken from [9]
generation compared to the blend with PCBM might therefore be higher than the 5% esti-
mated from Figure 4.7b. Moreover, the polaron decay is known to be faster at high excitation
energies because of trap-filling [160], making it impossible to compare it to the other blends.
In the blends of SiPCPDTBT with ICBA and BisPCBM, α drops to 0.39 - 0.32 compared to
the blend with PCBM (α = 0.50)
In the films with PCDTBT as donor material, charge generation is reduced as the energetic off-
set becomes smaller. In the blends with ICBA and ICTA, an additional fast phase is observed in
the decay. At short timescales (t < 1 µs), the decay can be approximated by a monoexponen-
tial decay with a lifetime of 90 ns for PCDTBT:ICBA and 60 ns for PCDTBT:ICTA. Possibly,
this geminate recombination corresponds to the recombination of coulombically bound charge
transfer excitons that do not separate into free polarons. Geminate recombination dynamics
of coulombically bound, emissive charge transfer states in polymer / polymer blends have
been reported to occur on the 50 ns timescale [205, 206, 207]. In PCDTBT, these charge
pairs may absorb the probe light at the same wavelength as the polaron, thus contributing
to the signal but not to photocurrent. Despite the signal in PCDTBT:ICBA being similar to
PCDTBT:PCBM at short times (t < 0.2 µs), the yield in free charges at t = 2 µs is only
about a quarter.
The comparison of these polymer:fullerene blends show that the behaviour is strongly material-
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dependent. Figure 4.8 shows the charge generation yield as function of ∆ELUMO for all studied
blends. In all three polymer systems, we see little change in charge generation if PCBM is re-
placed by BisPCBM. In these cases, the driving force ∆ELUMO is relatively high, and a reduction
does not seem to affect charge generation by much. If ∆ELUMO is further reduced, remarkable
differences between the systems emerge. In the P3HT:fullerene blends, charge generation is
already reduced at ∆ELUMO = 0.60 eV, while in blends with SiPCPDTBT, an energetic offset
∆ELUMO = 0.26 eV still results in a high polaron yield. This is in agreement with previous
work by Clarke et al. [164] who found that donor-acceptor block-copolymers as SiPCPDTBT
allow charge generation for smaller LUMO-LUMO offsets than polythiophene-based systems.
A possible explanation for this strong material-dependence is the difference between potential
energy and Gibbs free energy. ∆ELUMO represents the potential energy, but according to the
Marcus theory, the rate in electron transfer is driven by the difference in Gibbs free energy
∆G 0 between bound and separated state [208, 47, 100]. Unfortunately, the free energy is very
difficult to access experimentally. Other factors as nanomorphology [209], energetic disorder
[180], aggregation or crystallinity [120] and differences in intermolecular distances [116] can
contribute as well to ∆G 0, maybe even without changing the potential energy term. Street et
al. have proposed that for a free polaron pair many more states are available than for a bound
charge pair at the interface and that this change in entropy could facilitate charge generation
[210]. At high energetic offsets (high ∆ELUMO) the offset in potential energy might dominate
the gibbs free energy, making other contributions less important, but as ∆ELUMO is lowered,
these material-dependent quantities will become more pronounced.
Another important difference could be the bandgap of the polymer. For low-bandgap polymers
such as SiPCPDTBT, ∆ELUMO is larger than ∆EHOMO, which means that no additional path-
way for charge separation via energy-transfer to the fullerene exciton and subsequent exciton
dissociation is available. Thus, a branching of the polymer exciton population to the fullerene
singlet with lower energy state and possibly reduced charge separation yield can be avoided.
In blends with high-bandgap polymers (Eg > 1.7 eV), the fullerene singlet can also act as an
additional recombination channel. We have shown in a previous study that activation of the
fullerene singlet at ∆EHOMO < 0.35 eV can reduce the fill factor and open circuit voltage (see
Section 5.3).
The reduction in charge generation due to insufficient energy level offsets at the heterojunc-
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tion can explain the low performance of fullerene multiadducts blended with many polymers,
especially donors with energy levels optimised for PCBM. The fullerenes ICBA and ICTA raise
the CT state energy by 0.21 eV and 0.38 eV, respectively, compared to PCBM, reducing the
driving force for charge transfer. For all blends with BisPCBM, however, charge generation is
comparable to the blends with PCBM. Moreover, polaron yield and charge collection at short
circuit are not correlated well with charge generation as expected in blends with efficient charge
collection [204]. This insufficient charge collection must therefore be due to morphological
effects or changes in mobility.
4.2.5 Mobility and charge collection
Table 4.3 shows the FET hole mobilities for P3HT, SiPCPDTBT and PCDTBT reported in
literature as well as electron mobilities of PCBM, BisPCBM, ICBA and ICTA measured in an
FET structure by Paul Woebkenberg and John Labram. In the polymers, this data shows a
clear trend in hole mobility µh from P3HT with highest hole mobility, followed by SiPCPDTBT
and PCDTBT. Of the fullerenes, PCBM shows the highest electron mobility µe followed by
ICBA, with ICTA and BisPCBM having the lowest electron mobility, probably due to a com-
bination of energetic and packing disorder [180, 135].
Polymer µh,FET [cm
2/Vs] µe,FET [cm
2/Vs]
P3HT 3e-1 [211] -
SiPCPDTBT 1e-2 [51]
PCDTBT 2e-4 [212]
PCBM - 2e-1
BisPCBM - 3e-3
ICBA - 2e-2
ICTA - 3e-3
Table 4.3: FET polymer hole mobilities (as reported in literature) and measured fullerene FET
electron mobilities
It is important to emphasize that the mobility values shown here are not comparable to the
effective mobilities in the blend. Charge densities at which FET mobilities are measured tend
to be several orders of magnitude higher than during solar cell operation. Moreover, mobilities
in blends can differ significantly from mobilities in pristine materials, due to variations in molec-
ular packing and microstructure. Nevertheless, the trends in mobilities should be transferable
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to blends of polymers and fullerenes [8, 134]. This is visible from the decay parameter α of
the TAS decay. From the trends in α within the same polymer system it is possible to draw
conclusions on the hole mobility relative to the different electron mobilities in the blend. In
the blends with P3HT, the decay slows down significantly (from α = 0.58 to α = 0.19) when
moving from PCBM over ICBA and BisPCBM to ICTA, indicating that hole mobility is high
and α is limited by the fullerene electron mobility. This is very different in the blends with
PCDTBT, where the slope remains largely unchanged (α = 0.48− 0.59). This suggests a low
polymer hole mobility that limits the TAS decay for all blends with PCDTBT as polymer.
The decay parameter α, however, is no strong indicator for the relative electron and hole
mobilities in the blend. α increases with excitation intensity [160] and sometimes shows
batch-to-batch variations larger than 0.2. To confirm the trend observed by FET mobility
measurements and the decay parameter α, space-charge limited current (SCLC) measure-
ments of hole and electron mobility are necessary, and such measurements are currently in
progress. Only mobility measurements from a working device close to operating conditions
will allow to determine the effective hole and electron mobility in the blends, which can vary
significantly compared to the FET mobility measurements in the pristine materials.
Nevertheless, we try to analyse the differences in charge generation relative to charge collection
using the obtained mobility trends. Figure 4.9 shows the corrected photocurrent as function
of the internal voltage2 V − V0 for the blends with P3HT, SiPCPDTBT and PCDTBT that
show efficient charge generation and for PCDTBT:ICBA. In the blends with P3HT (Figure
4.9a), all blends show very similar behaviour. It seems that the low electron mobility of the
fullerene multiadducts does not affect device behaviour in this system. Devices with the Bis-
PCBM and ICBA as acceptor, have indeed shown superior performance to devices with PCBM
[198, 5, 129]. Devices with SiPCPDTBT, another high-mobility polymer, show relatively good
performance in blends with BisPCBM and ICBA (device data not shown). Our devices showed
power conversion efficiencies (PCE) of 2.8% and 2.6%, respectively, compared to 4.8% in a
blend with PC60BM. Azimi et al. reported a SiPCPDTBT:ICBA device with PCE=4.0% com-
pared to 5.0% for the blend with PCBM, but find that in thicker devices the difference is more
pronounced [8]. In a later study, they attribute the loss in fill factor and photocurrent in the
2V0 is the voltage at which the absolute photocurrent equals the injection current in the dark. V0 is usually
close to but higher than the open circuit voltage VOC
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SiPCPDTBT:BisPCBM blend to reduced mobilities [213]. Due to this insufficient mobility, a
reverse bias of 5 - 10 V is needed to collect all generated charges in blends with BisPCBM and
ICBA (Figure 4.9b). It seems therefore, that SiPCPDTBT is more sensitive to the reduced
electron mobility than P3HT.
PCDTBT is an example of an amorphous, low-mobility polymer [214, 212]. It features a very
high internal quantum efficiency with PCBM [53], but does show low photocurrent and fill fac-
tor with all fullerene multiadducts. At very high reverse biases, however, (V0−V = 20−30 V),
the generation rate in blends with BisPCBM and ICBA is very similar to the blend with PCBM
(Figure 4.9c). This can only be partly be explained by insufficient transport: from tran-
sient absorption decays (Figure 4.7c) we see that the yield in free polarons with no applied
field is reduced by 30% in PCDTBT:BisPCBM and by 60% in PCDTBT:ICBA compared
to PCDTBT:PCBM. Therefore it is likely that field-dependent geminate recombination con-
tributes to the loss in in yield of free charges as well.
Trying to generalise from our observations in these three polymer systems and the device data
from a larger set of materials, it appears that rather crystalline, high-mobility polymers perform
better with fullerene multiadducts than amorphous low-mobility polymers. This observation
is underpinned by a literature reseach, where all reported polymers showing reasonable PCE
when blended with a fullerene multiadduct (namely P3HT, PBTTT and SiPCPDTBT) feature
high mobility and crystallinity [4, 51, 215]. We propose that just either the hole mobility or the
electron mobility must be sufficiently high to reduce recombination at the interface. Polymers
with high hole mobility as P3HT might be able to tolerate a lower electron mobility, while
polymers with low hole mobility might require higher fullerene electron mobilities. Energetic
offsets between amorphous and crystalline phases, as observed in P3HT [216] and PCBM [120]
might increase carrier lifetimes and help charge collection as well.
These results suggest that it will be rather difficult to find polymers that show a high per-
formance with ICBA. Only rather crystalline, high mobility materials not showing optimal
performance with PCBM may perform well. Moreover, the use of fullerene multiadducts is
unlikely to reduce inherent energetic losses in organic solar cells as energy level offsets and
recombination, but have several disadvantages when compared to PCBM. The presence of
several isomers in the multiadducts increases packing and energetic disorder and reduces crys-
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Figure 4.9: Corrected photocurrent (current-voltage curve in the dark subtracted from a current-
voltage curve in the light) as function of the voltage V-V0, where V0 is the voltage at which the
absolute value of current measured in the dark equals the current under illumination. The data has
been normalised to the generation rate, which varies by around 30% between the blends containing
P3HT, by less than 20% for blends containing SiPCPDTBT, and by less than 10% for blends con-
taining PCDTBT. Data from the blends containing P3HT and SiPCPDTBT has been corrected for
a photoshunt that increases photocurrent generation linearly as a function of applied voltage
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tallinity and electron mobility [180, 134]. Moreover, the higher LUMO level complicates the
use of solution-processed air-stable electrodes. We have observed that blends with PCBM
do perform reasonably when aluminium is used as top electrode, while blends with ICBA
or BisPCBM require a Ca/Al electrode. Ideally, the electron acceptor should allow the use
of solution-processed air-stable electrodes as silver paste, which would require LUMO levels
lower than PCBM and C60. In addition, the high LUMO level can result in an intrinsically
less air-stable material. Analysis by Anthopoulos et al. [184] shows that electon transporting
materials with a LUMO level above -4.0 eV are unstable in air, due to a possible a reduction
of H2O which can act as an electron trap. If the aim is fabrication of air-stable, solution-
processable organic solar cells, fullerene multiadducts with higher LUMO than PCBM might
not be suitable.
4.2.6 Microstructure of blends with fullerene multiadducts
It might be argued that all the observed effects above can be explained by microstructure, the
phase structure on a sub-micrometre scale, that might be very different for fullerene multi-
adducts compared to PCBM. In this section, we want to explain why we believe that changes
in microstructure certainly play an important role, but are by far not sufficient to explain the
low performance observed in a large range of materials. In this section, we want to com-
pare changes in microstructure to changes in photocurrent and fill factor by comparing mor-
phology of blends containing fullerene multiadducts to blends containing the indenofullerene
monoadduct, ICMA. ICMA shows a good performance with many polymers that show low
performance with ICBA despite much larger changes in microstructure.
Figure 4.10 shows AFM images of three different polymers blended with PCBM, ICMA and
ICBA as acceptor materials, blends with MDMOPPV and SiTBTBT that show clear fullerene
domains at the surface [217]. For all three polymers, the difference in morphology between
blends with PCBM and ICMA is larger compared to the changes in the blends with ICBA.
Nevertheless, photocurrent, fill factor and PCE are higher in the blends with ICMA.
Moreover, big changes in microstructure should also change the generation rate, for example
through fine mixing leading to non-percolating pathways or through the formation of large
polymer domains that reduce the fraction of excitons that reach a donor/acceptor interface.
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Figure 4.10: Atomic Force Microscopy (AFM) images of SiPCPDTBT, MDMOPPV and SiTBTBT
blended with PCBM, ICMA and ICBA: the morphology of the ICMA blends differs more from the
PCBM blend than the ICBA blend. Despite this difference, the Photocurrent in the ICMA blends is
higher than in the blends with ICBA
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The generation rate, however, is only slightly reduced in blends with fullerene multiadducts:
The reduction rate, if blends of ICBA are compared to blends with PCBM, is reduced about
20% in P3HT, by 13% SiPCPDTBT and by only 4% in PCDTBT.
4.2.7 Conclusions
In summary, we have studied the performance of the high-LUMO fullerene multiadducts Bis-
PCBM, ICBA and ICTA when blended with a large range of relevant polymers for organic
photovoltaic devices. Since most of the recently synthesised polymers for organic solar cells
are optimised for PCBM as acceptor material, charge generation is reduced for many of them
if the offset at the heterojunction is reduced, especially for ICTA. Even if charge generation is
not affected by the low energetic offset, performance is reduced for all polymers except P3HT.
We attribute this loss in performance to the low electron mobility of fullerene multiadducts
rather than to changes in phase microstructure. In addition to the low electron mobility, we
point out further disadvantages of fullerene multiadducts. These properties reduce the num-
ber of polymers that might show good device performance with fullerene multiadducts greatly.
The presented results suggest that only rather crystalline, high-mobility polymers with energy
levels not optimised for PCBM can show improved performance.
4.2.8 Experimental Details
Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-
4,7-diyl-2,5-thiophenediyl] (PCDTBT) was purchased from 1-material, Poly(3-hexylthiophene)
(P3HT) was purchased from Merck, Poly((4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-
2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,5’-diyl) (SiPCPDTBT) was received
from Konarka, PCBM was puchased from Nano-C. The indenofullerenes (ICMA, ICBA, ICTA)
were received from Plextronics.
Bulk heterojunction solar cells were prepared by cleaning patterned ITO in detergent, acetone
and iso-propanol. A layer of PEDOT:PSS was spin coated onto the ITO substrates at 2000rpm
and annealed at 150 ◦C for 20 minutes. Subsequently, the active layer solution was spin-coated
on top (P3HT:PCBM (dissolved in chlorobenzene at 1:1wt%, 40mg/ml), PCDTBT (dis-
solved in chloroform at 1:2wt%, 15mg/ml), SiPCPDTBT (dissolved in ortho-dichlorobenzene,
1:2wt%, 40mg/ml). Vacuum-deposited calcium/aluminium was used as cathode. All the
devices were encapsulated in a nitrogen-filled glovebox.
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Electroluminescence (EL) was measured at current densities of 1.25 - 1250 mA/cm2 using a
Princeton Instruments Acton SP 2500 monochromator combined with a liquid nitrogen cooled
InGaAs photodiode array (Acton OMAV:1024). Spectral intensity was corrected with the
spectrum from a calibrated halogen lamp.
The corrected photocurrent was determined by pulsed J(V) measurements to minimize the in-
fluence of temperature changes between the light and dark measurements and device degrada-
tion effects. Illumination was provided by 12 white LEDs which could be pulsed by interrupting
their power supply using a fast MOSFET switch; in these measurements, the light remained
on for 2 ms and off for 420 ms. The cell was held at applied bias using a Keithley 2400
source-measure unit, and the current was measured across a 50 Ω resistor using a Tektronix
TDS3032B oscilloscope.
The electron mobility was measured in bottom gate (doped Si) - top contact field-effect
transistors. The gate dielectric consisted of 400 nm of thermally oxidized SiO2, passivated with
a thin layer of thermally cross linked benzocyclobutene. This device architecture has previously
been shown to yield negligible electron trapping at the dielectric/semiconductor interface and
high device yield and performance for several different soluble fullerene derivatives [?, ?].
Fullerene solutions were spin coated from a 10 mg/ml chlorobenzene solution in nitrogen
atmosphere. 60 nm of Ca were evaporated through a shadow mask to pattern the source
and drain contacts. I-V measurements were performed in nitrogen atmosphere immediately
after metal deposition. No significant degradation of device performance in the glovebox was
observed over the course of several hours.
Transient absorption decays were measured by exciting the sample film, under a nitrogen at-
mosphere, pumped with a Nd:YAG laser (Lambda Photometrics). The excitation wavelength
used was the absorption maxima for each blend, with a pump intensity of 0.4 - 2.0 Jcm−2 and
a repetition frequency of 20 Hz. A 100 W quartz halogen lamp (Bentham, IL 1) with a sta-
bilised power supply (Bentham, 605) was used as a probe light source, with a pump wavelength
depending on the donor polymer (P3HT: 520 nm, SiPCPDTBT: 650 nm, PCDTBT: 550 nm).
The probe light passing through the sample film was detected with a silicon photodiode (Hama-
matsu Photonics, S1722-01). The signal from the photodiode was pre-amplified and sent to the
main amplification system with an electronic band-pass filter (Costronics Electronics). The
amplified signal was collected with a digital oscilloscope (Tektronics, TDS220), which was
synchronised with a trigger signal of the pump laser pulse from a photodiode (Thorlabs Inc.,
DET210). To reduce stray light, scattered light and sample emission, two monochromators
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and appropriate optical cut-off filters were placed before and after the sample.
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Chapter 5
Spectroscopic studies of the
Charge-Transfer State
In organic solar cells, the charge transfer state between donor and acceptor is of great impor-
tance, since it determines the energetics of the blend and influences the open circuit voltage
(see Section 1.4). Despite early reports of a charge transfer state in polymer:fullerene blends
[?, 149, 150], very few reports on the CT state were published [89, 93, 95, 218, 118, 101, 76, 92]
and many issues remain unsolved. The origin of the PL and EL emission from the CT state,
especially its energetic difference, has been insufficiently addressed. It remains unclear if emis-
sion from the CT state is beneficial or detrimental to the operation of an organic solar cell
[219, 220]. Moreover, the required size of the energetic offset to drive charge separation
between bound polymer exciton and free charges at transport level remains highly debated,
with values ranging from 0.1 eV [50] to 0.8 eV [164]. Knowledge of the minimum offset is
of utmost importance for reaching higher power conversion efficiencies, since the other solar
cell parameters are approaching their theoretical limits: solar cells with an internal quantum
efficiency approaching unity have been reported [53], and fill factors have reached 0.7 [15],
which puts them close to their theoretical maximum [63].
Spectroscopic studies allow us to gain insight into the energy and energetics of the charge
transfer (CT) state by measuring its absorption and emission. Photoluminescence from the CT
state possibly arises from bound charge pairs that did not separate into free charges (Section
5.1). Electroluminescence from the charge transfer state, usually redshifted compared to pho-
toluminescence, probably arises from recombination of free charges at transport level (Section
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5.2) and shifts only slightly with applied current. This allows us to determine the energy of the
CT state at the blend interface in working devices by measuring its emission. We find that with
reduced offset at the type II heterojunction, a transition in EL from CT emission to polymer
or fullerene singlet occurs. Appearance of polymer or fullerene singlet emission is correlated
with a reduction of fill factor and photocurrent and can ultimately limit VOC (Section 5.3). By
comparing the energy of the CT state to eVOC and to the absorption onset we can gain insight
into energetic losses of the solar cells. From the measurement of the sub-bandgap external
quantum efficiency we can derive the radiative open circuit voltage VOC ,rad , a hypothetical
open circuit voltage that would be reached if non-radiative recombination could be switched
off. This allows us to compare the magnitude of radiative and non-radiative losses (Section
1.3.1).
Most of the experiments were designed in collaboration with Thomas Kirchartz, who provided
much of the theoretical background. Wei Gong fabricated most of the devices and mea-
sured the external quantum efficiency. Shahid Ashraf synthesised the polymers PFODTBT,
SiTPTBT and SA137, Hugo Bronstein synthesised DPPTTT.
5.1 Absorption and Emission from the Charge-Transfer
State
Intermolecular states formed at the interface of two organic semiconductors can absorb and
emit light in a similar way to intramolecular excitations. In the context of this thesis, we
use the term Charge Transfer (CT) state for the intermolecular state at the donor-acceptor
interface.
In organic light emitting diodes, observation from such intermolecular state has been observed
and referred to as exciplex emission [221, 222]. In materials used for organic solar cells, Goris
et al. observed an additional absorption feature in the blend for blends of polyfluorene with
PCBM. Vandewal et al. measured sub-bandgap current generation in various photovoltaic
blends [92, 76]. Figure 5.1a shows the current generation of a device with PCDTBT, PCBM
and an 1:2 blend of both materials. It is clearly visible that the current generation of the blend
is redshifted compared to the blend components. This current generation is attributed to the
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intermolecular CT state.
Lee et al. showed that current generation from the sub-bandgap absorption can be equally
efficient as generation by above-bandgap absorption in the polymer and subsequent dissociation
at the interface [64]. Therefore we assume that the external quantum efficiency is proportional
to the light absorption of the photovoltaic blend. Light interference effects [35] as well as
morphological effects [40] affect might the EQE in a different way than absorption of a thin
film, but on a logarithmic scale these effects should be neglectable. The measurement of
the external quantum efficiency is a much more sensitive measurement than the measurement
of absorbance, since a lock-in amplifier can be used to amplify the small signal from the
noise (Section 2.2.5), while absorbance is measured by subtracting two large signals. Figure
5.1b shows a comparison of absorption (measured with Photothermal Deflection Spectroscopy
(PDS) at the Forschungszentrum Ju¨lich on thin films) with the external quantum efficiency
of the same blend. Except for the visible range, where interference effects are likely to differ
between device and thin film, absorption and photocurrent correlate very well, with the EQE
measurement having a much higher sensitivity.
Figure 5.1: a) Photocurrent generation of a solar cell with PCDTBT (magenta), PCBM (grey) and
a PCDTBT:PCBM blend (black) as active layer material. b) Absorption coefficient measured by
photothermal deflection spectroscopy (PDS, red triangles) and external quantum efficiency (EQE,
black squares) of a P3HT:PCBM blend
The CT state is not only visible in the absorption, but can also dominate the photoluminescent
emission of the photovoltaic blend. In blends with finely intermixed morphology, the photolu-
minescence of the polymer is strongly quenched, and the relatively weak luminescence of the
CT state is visible. Figure 5.2 shows the PL of PCDTBT, PCBM and a 1:2 blend of both
materials. The blend is excited at 473 nm, where the polymer absorbs about twice as much
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Figure 5.2: Photoluminescence of PCDTBT, PCBM and a 1:2 blend of PCDTBT:PCBM (excitation
at 473 nm) on a linear scale, normalised (left) and on a logarithmic scale (right)
as the fullerene. In the blend, the polymer photoluminescence is quenched by four orders
of magnitude, indicating fast energy transfer or charge separation (¡100 ps) as well as fine
intermixing of the polymer and the fullerene. Fullerene emission is quenched less, by around
one order of magnitude. This can most likely be explained by the 80% share of PCBM in the
blend, so the formation of some fullerene domains larger than the exciton diffusion length is
not surprising.
Since the photoluminescence flux is corrected for absorbance of the films at excitation wave-
length and allows us some insight into the relative quantum yield of the different excitons
present in the system. The PLQE of PCBM is around two orders of magnitude lower than
the PLQE of PCDTBT, and the emission from the CT state is even lower. As both PCDTBT
and PCBM excitons are quenched efficiently and PCDTBT shows a high external quantum
efficiency at the excitation wavelength [53], it is likely that most absorbed photons result in
separated charges. Nevertheless, photoluminescence from the charge transfer state is clearly
visible. The origin of this emission is still debated, with the possibility that it originates from
separated charges or from bound charge pairs that have not been able to separate into po-
larons. Some groups suggest that recombination from the CT state is a loss mechanism, albeit
rather small [90] [103], other groups correlate larger emission from the CT state with lower
photocurrent generation [218, 102, 118]. It is important to emphasize that PL is measured
at no applied field and that geminate recombination through CTE could be field-dependent,
so photocurrent generation at short-circuit might not be a good way to quantify the losses
at the maximum power point. Tvingstedt et al. have measured the field-dependence of
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PFODTBT:PCBM blends and found only a weak field-dependence between of the CT pho-
toluminescence at open circuit and short circuit [101]. We have found very similar results in
blends of PCDTBT and PCBM (Figure 5.3). These results suggest that field-dependent gem-
inate recombination through the CTE does not play a large role in photovoltaic blends that
show high power conversion efficiencies, at least not at operating conditions with relatively
low fields.
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Figure 5.3: Photoluminescence of a PCDTBT:PCBM device measured at open circuit, short circuit
and -5 V applied voltage
Figure 5.3 gives another interesting perspective on the CT-PL. PCDTBT is known as a ma-
terial showing an internal photovoltaic quantum efficiency of almost unity [53]. Therefore,
we expect the losses through geminate recombination at short circuit to be negligibly small.
Nevertheless, the CT-PL is quenched by around 50% at -5 V compared to the emission at
short circuit or open circuit, while the photocurrent is expected to be approximately constant
between 0 V and -5 V. This non-correlation of photocurrent and PL CT quenching supports
the conclusion from Tvingstedt et al. that PL CT is likely to originate from states that do
not lead to photocurrent generation and need rather high fields to be quenched. The strength
of the emission seems also to be affected by the PLQE of the pristine polymer. We find
that the blends containing polymers with high PLQE (PCDTBT, PFODTBT) show strong
CT emission, while in blends with low-PLQE polymers (P3HT, DPPTTT) the CT PL was not
distinguishable from the tail of pure polymer emission. It is not clear, however, if this is caused
by reduced quenching of polymer excitons in the more crystalline blend or by low quantum
yield of the CT photoluminescence.
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The analysis from the previous paragraphs suggests that the CT photoluminescence does
not originate from free charges but at least partly from trapped CT excitons that recombine
geminately at the interface. To gain more insight into the recombination of free charges, a
different measurement is needed, which should be reciprocal to the external quantum effi-
ciency. Electroluminescence allows one to observe the recombination of carriers injected from
the contacts into the LUMO level of the acceptor and HOMO level of the donor. If these
two blend materials form a type II heterojunction, recombination at the interface dominates
over exciton recombination in either component. Interestingly, EL emission of the CT state is
red-shifted compared to CT photoluminescence, confirming its different origin [154, 101, 220].
In the materials we studied, we saw a redshift in all cases, ranging from 50 meV to 200 meV.
We propose that the shift arises from different characteristics of the interface and interfacial
states that vary with morphology. In this model, photoluminescence arises from geminate
charge pairs that have not been able separate into free charge carriers. In consequence, they
have been less able to relax, as probably much less states are available for the charge pair at
the interface compared to a pair of polarons. In Electroluminescence the polarons are fully
relaxed before forming an interfacial state and consequently populate a different part of the
density of interfacial states.
Figure 5.4: a) Photoluminescence and Electroluminescence spectra of a PCDTBT:PCBM blend. As
in most blends, the EL is redshifted compared to the PL b) Proposed Jablonski diagram of the blend.
Green and orange arrows represent photon absorption and emission from the absorber, red/magenta
arrows radiative recombination and black dashed arrows non-radiative recombination. PP is the
energy of a polaron pair. Figure courtesy of Stoichko Dimitrov
Figure 5.4 shows a comparison of EL and PL from a PCDTBT:PCBM blend, along with a
proposed Jablonski diagram depicting the proposed model. From the singlet state of either
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fullerene or polymer, the exciton that reaches the interface does have two different possibilities:
It can either form a polaron pair (PP) or decay (e.g., if it is morphologically bound) via the PL
channel. If pairs of free polarons recombine at the interface, they populated different states
at the interface, depicted with recombination through the EL channel at the interface.
The exact origin of the CT electroluminescence, however, remains unclear. It could represent
recombination of carriers trapped in the tail of trap states [223] as well as carriers at the
transport level. By studying the current-dependence of the electroluminescence in the next
section, we can gain insight into the origin of electroluminescence which represents a major
recombination pathway at the interface.
5.2 Origin of the electroluminescence
In this section, we study the behaviour of the electroluminescence as a function of injected
current. The EL spectrum shifts only marginally with increased voltage, which makes us con-
clude that higher-lying, more mobile carriers dominate the EL emission. Its small shift enables
us to determine the energy of the EL emission precicely, establishing a reference point for the
energy of the Charge-Transfer (CT) state.
A variety of experiments [210, 52, 223, 65, 224] suggest that polymer:fullerene solar cells
have a distribution of trap states in which carriers are rather immobile. Just a small set of
more mobile states with higher energy contributes to carrier transport [162]. The exact dis-
tribution of these trap states is not known since no method to measure the density of states
of polymer:fullerene systems has yet been established. If an exponential distribution of trap
states is assumed, its characteristic energy Ech can be determined by measuring the slope of
the sub-gap external quantum efficiency at low energies [52], assuming that the collection
efficiency is independent of the excitation energy. For typical polymer:fullerene photovoltaic
blends P3HT:PCBM and MDMOPPV:PCBM we find values of 37 meV to 43 meV, signifi-
cantly larger than 25 meV, kT at room temperature [10].
The fact that Ech > kT has profound implications on the expected behaviour of the emis-
sion spectra of the materials. Figure 5.5 shows simulated carrier populations for energetically
ordered and disordered materials, assuming that the matrix elements for carrier recombina-
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Figure 5.5: Comparison of simulated carrier population in crystalline (a) and disordered materials
(c) with increased applied voltage (V); simulated emission spectra in crystal ( b) and disordered
materials (d) as a function of energy at different applied voltage (V) (From [10])
tion are energy-independent. In crystalline materials (Figure 5.5a,b) the DOS is square-root
shaped, resulting in a voltage-independent electroluminescence spectrum [10]. In contrast, the
EL peak for a disordered material with a characteristic energy Ech > kT (Figure 5.5c,d) will be
voltage-dependent [225]. Since the injection current scales with J ∝ exp(qV /(nidkT )), where
q is the electric charge and nid the ideality factor, the electroluminescence peak is expected
to shift at least by ln(10)kT/q = 59 meV per decade of injected current.
Figure 5.6 shows electroluminescence spectra measured on a P3HT:PCBM and a MDMO-
PPV:PCBM solar cell at different injection current densities between J = 100 mAcm−2 to
1250 mAcm−2 for P3HT:PCBM and 25 mAcm−2 to 400 mAcm−2 for MDMO-PPV:PCBM.
In both cases, the spectra are shifted towards higher energies for higher injection currents.
The magnitude of this shift is however only of the order of 15 meV per decade in injection
current, which is at most one quarter of the value expected from the shift of the convolution
of electron and hole concentration in an exponential tail of states. Figure 5.7 shows the shift
of the peak energy as a function of injection current for a wider variety of polymer:fullerene
solar cells. In all cases, we observe a blueshift of the peak with increasing injection current,
but in all cases this shift is much smaller than expected from the convolution of electron and
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Figure 5.6: Normalized electroluminescence (EL) spectrum of P3HT:PCBM and MDMO-PPV:PCBM
measured at different injection current densities J. In both cases, the EL shifts slightly to higher
energies with increasing injection currents.
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Figure 5.7: Comparison of the EL peak centre shifts of different Polymer:PCBM blends. The peak
centre is defined as the energy which divides the integral over the EL spectrum into two equal halves.
In all cases, the peak energy shifts to higher energies with higher injection currents, but this shift is
in all cases significantly smaller than the dashed line which indicates the slope expected for nid = 1
and two tails with Ech > kT and constant matrix transition elements.
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hole densities.
The small shift of the electroluminescence peak with increased injection current is in contra-
diction to the expected behaviour of a disordered material, if we assume energy-independent
matrix elements. Therefore, this assumption does not hold for the studied polymer:fullerene
blends. Introducing an energy-dependence of the matrix elements would imply that charge
pairs in lower-lying states are less likely to recombine radiatively. A simple geometric calcu-
lation shows that this is a sensible assumption for this kind of solar cells. If we assume that
the states are evenly distributed around the fermi level, the distance d between two states can
be calculated via d = (∆n)1/3, where ∆n is the carrier concentration. Typical carrier con-
centrations measured in P3HT:PCBM solar cells via charge extraction at one sun equivalent
illumination range from 1016 cm−3 to 1017 cm−3 [65, 56]. These carrier densities correspond
to an average distance between two states of 46 nm and 22 nm, respectively. Even for carrier
concentrations of n = 1018 cm−3, corresponding to d = 10 nm, the distances between carriers
and even between nearby states at that energy are large and therefore the wave function over-
lap is almost negligible [226]. Since for low energies charges are less mobile, recombination
events are likely to be preceded by a detrapping event that lifts a trapped carrier into a level
with higher mobility, where it is able to encounter a partner for recombination.
Figure 5.8: Density of states N(E ), occupation probability f (E ) and occupation n(E ) as function of
energy for energy-independent matrix elements (left) and for matrix elements with a mobility-based
energy-dependence of the matrix elements µ(E ) (right). nf (E ) = µ(E ) · f (E ) is the occupation of
states that recombine in the electroluminescence. The fermi level is indicated by a dashed blue line.
Figure created by Thomas Kirchartz
Figure 5.8 aims to depict the effect of energy dependent matrix transition elements on the
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recombination. With no energy-dependence (Figure 5.8a), electroluminescence represents the
states occupied by charge carriers, n(E ). The energy of the EL emission is then close to the
quasi-fermi-level splitting. Hence, a larger injection current increases the carrier concentration
and the EL would shift accordingly, with at least 59 meV per decade of increased current.
By introducing a mobility µ(E ) for the charge carriers (Figure 5.8b), only mobile carriers can
recombine. This blue-shifts electroluminescence compared to the quasi-fermi level, as radiative
transitions cannot take place below the mobility edge. In this case, an increase in injection
current only causes a small shift in the electroluminescence spectrum, because carriers above
the transport edge are less affected by changes at the quasi-fermi level. Consequently, this
suggests that recombination is likely to be dominated by states above the mobility edge and
less recombination occurs from the states in the tail of the disordered semiconductors.
The fact that the spectral shape of the EL emission is dominated by free carriers and that it
shifts only slightly with applied current allows us to use the EL emission as proxy for the charge
transfer state energy that takes account of the effective energy levels of the blend materials
at the interface. This has several advantages over the determination of the CT state energy
via HOMO and LUMO levels, which are usually measured in pristine thin films or solution. In
the next sections, we will use the peak of the CT electroluminescence as a measure of the CT
state energy and use it to distinguish different losses in organic solar cells. By replacing PCBM
with fullerene multiadducts, we will show that the EL emission of the CT state competes with
the singlet emission from the blend components for small offsets at the type II heterojunction.
5.3 Competition between the charge transfer state and
the singlet states of donor or acceptor
In this section, we study the appearance and energy of the charge transfer (CT) state us-
ing measurements of Electroluminescence (EL) and Photoluminescence (PL) in blend films of
high-performance polymers with fullerene acceptors. EL spectroscopy provides a direct probe
of the energy of the interfacial states without the need to rely on the LUMO and HOMO
energies as estimated in pristine materials. For each polymer, we use different fullerenes with
varying LUMO levels as electron acceptors, in order to vary the energy of the CT state relative
to the blend with [6,6]-phenyl C61-butyric acid methyl ester (PCBM). As the energy of the
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CT state emission approaches the absorption onset of the blend component with the smaller
bandgap, Eopt,min ≡ min{Eopt,donor; ; Eopt,acceptor}, we observe a transition in the EL spectrum
from CT emission to singlet emission from the component with the smaller bandgap. The
appearance of component singlet emission coincides with reduced photocurrent and fill factor.
We conclude that the open circuit voltage VOC is limited by the smaller bandgap of the two
blend components. From the losses of the studied materials, we derive an empirical limit for
the open circuit voltage: VOC ≤ Eopt,min/e − (0.66± 0.08) eV.
5.3.1 Introduction
Figure 5.9 depicts the different energy levels involved, namely the minimum of the absorption
onset of donor and acceptor Eopt,min ≡ min{Eopt, donor; ; Eopt, acceptor}, the CT state as well as
eV OC, the free energy of an electron at the cathode at open circuit voltage. As a definition
for the CT state we employ the definition used by Tvingstedt et al, which relates the CT state
to its electroluminescence emission peak [153]. This emission originates from a charge transfer
exciton formed by free charge carriers that have previously been injected from the electrodes.
For simplicity, we will refer to this emission simply as CT emission. The definition of ECT,EL
allows us to divide the loss 4E = Eopt− eV OC between absorption onset Eopt and open circuit
voltage VOC into two quantifiable contributions 4ECS and 4ENG: 4ECS = Eopt,min−ECT ,EL,
a loss related to the energy offset required for exciton separation and 4ENG = ECT,EL− eV OC,
a loss linked to nongeminate recombination [227, 228].
Minimizing 4ECS by raising the energy of the CT state while still enabling efficient charge
separation is consequently one of the main design strategies for new donor and acceptor ma-
terials [100, 56]. Several studies have shown that if the CT state energy is raised above a
certain threshold, it competes with other neutral excited states [90, 89]. Westenhoff et al.
studied polymer:polymer blends with high open circuit voltages and suggested triplet excitons
as a loss pathway limiting generation of separated charges [117]. Fullerene triplet excitons
were detected in polymer:fullerene blends with high CT state energies, but it remained un-
clear whether these were formed by energy transfer from the CT state or populated from the
fullerene singlet [229, 230].
111
ΔE 
En
e
rg
y 
ECT,EL 
ΔECS 
Blend component Blend interface 
Eopt,min 
Circuit 
ΔENG 
eVOC 
Figure 5.9: Energetic losses in a type II heterojunction organic solar cell: ∆ECS is the loss between
the smaller absorption onset of the two blend components Eopt,min and the peak of the CT state
electroluminescence ECT,EL; ∆ENG is the loss between ECT,ELand the free energy of an electron at
open circuit voltage eV oc; ∆E = ∆ECS + ∆ENG is the total energy loss
One of the main restrictions of these and other studies [50, 31, 159, 231] is, however, the
difficulty of measuring an absolute value for ECT . Usually it is estimated from energy levels of
the pristine materials which are subject to large uncertainties. A famous example is the lowest
unoccupied molecular orbital (LUMO) of [6,6]-phenyl C61-butyric acid methyl ester (PCBM),
the typically used acceptor material in organic solar cells. The reported LUMO values vary
between -3.7 eV and -4.3 eV [31, 232, 233, 97]. Even if the determination of energy levels
is done with one consistent method in pristine materials, the results may not be transferable
to blend films and devices, because effects such as aggregation, crystallization and interface
dipoles can shift energy levels by up to 0.5 eV [96, 122, 98, 175, 177]. These uncertainties in
energy levels are relevant for material design rules and for the estimation of efficiency poten-
tials as done by Scharber et al. [31].
In this study, we use electroluminescence (EL) and photoluminescence (PL) measurements
of polymer:fullerene devices and films to study the relationship between interfacial energetics
and charge generation and recombination. EL spectroscopy probes the emissive states directly
in working devices and allows a quantitative determination of the energy of the CT state by
measuring its emission [153]. We alter the energy of the CT state by combining a series of
polymers with different fullerenes featuring a 400 meV-range of LUMO energies, using PCBM
and indenofullerenes with one (ICMA), two (ICBA) or three (ICTA) adducts as acceptors.
This allows us to explore the effect of reduced ∆ECS on photocurrent generation and electro-
112
luminescence emission. We observe that if the energy of the CT state approaches the smaller
absorption onset of the two blend components Eopt,min, activation of the component singlet
occurs. This appearance of singlet emission coincides with a reduction in photocurrent and
therefore poor device performance. This allows us to derive an empirical limit for CT state
energy and VOC relative to Eopt,min.
5.3.2 Experimental details
Poly(3-hexylthiophene) (P3HT) was purchased from Merck, Poly((4,4’-bis(2-ethylhexyl)
dithieno[3,2-b:2’,3’-d]silole) -2,6-diyl-alt-(4,7-bis(2-thienyl) -2,1,3-benzothiadiazole)-5,5’-diyl)
(SiPCPDTBT) was received from Konarka, Poly(2-methoxy-5-(3’-7’-dimethyloctyloxy)-1,4-
phenylenevinylene (MDMOPPV) from Sigma-Aldrich and 60PCBM from Nano-C. The indeno-
fullerenes (ICMA, ICBA, ICTA) were received from Plextronics. Poly((9,9-dioctyl-fluorenyl-2,7-
diyl) -alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)) (PFODTBT) was synthesized by
Shahid Ashraf as described at the end of this section.
Bulk heterojunction (BHJ) solar cells were prepared by cleaning patterned ITO in detergent,
acetone and isopropanol. A layer of PEDOT:PSS was spin coated onto the ITO substrates
at 2000rpm and annealed at 150◦C for 20 minutes. Subsequently, the active layer solution
was spin-coated on top (P3HT:fullerene (dissolved in chlorobenzene (CB) at 1:1 wt%, 40
mg/ml), MDMO-PPV:fullerene (CB, 1:4 wt%, 25 mg/ml), SiPCPDTBT (dissolved in ortho-
dichlorobenzene (ODCB), 1:2 wt%, 40 mg/ml), PFODTBT (ODCB, 1:4 wt%, 30 mg/ml)).
Vacuum-deposited aluminum (MDMOPPV:PCBM, PFODTBT:PCBM) or calcium/aluminium
(P3HT:PCBM, SiPCPDTBT:PCBM) was used as cathode. All the devices were encapsulated
in a nitrogen-filled glovebox.
Differential Pulse Voltammetry (DPV) was described in Section 2.1.2 using a 0.1 mM solution
of the fullerenes in Acetonitrile with TBABF6 as electrolyte. Electron affinities were measured
against ferrocene as internal standard, using platinum as working and counter electrode and
Ag/AgCl as reference electrode.
Electroluminescence (EL) was measured using a Princeton Instruments Acton SP 2500 spectro-
graph combined with a liquid nitrogen cooled InGaAs photodiode array (Acton OMAV:1024).
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Spectral intensity was corrected with the spectrum from a calibrated halogen lamp. All blends
shown here are measured at comparable forward current (blends with SiPCPDTBT, MD-
MOPPV and P3HT at 200 mA/cm2, blends with PFODTBT at 400 mA/cm2). Compared
to lower currents, peaks change very little in shape or position (see Section 5.2). The peak
position is calculated by integrating the peak and by defining the peak position as the point
where the integral is half its maximum.
Photoluminescence (PL) was measured with the same detector system using a 473 nm diode
laser as excitation source and corrected for the absorption at the excitation wavelength mea-
sured using a Shimadzu UV-2550 spectrometer.
5.3.3 Results
To explore the effect of reduced band offsets at the heterojunction on the generation of charges,
we investigated blends that show a high open circuit voltage first. Copolymers of fluorene with
thienyl benzothiadiazole such as PFODBT lead to the highest reported VOC values (1.0 V)
among polymer:PCBM solar cells with a power conversion efficiency (PCE) larger than 4%
[234, 154, ?]. The analysis by Vandewal et al. suggests that VOC and energy of the CT state
are correlated [92, 76], thus for these materials we expect VOC and CT state energy to be
close to the highest possible values that are still compatible with efficient charge separation.
To explore these limits, we studied blends of PFODTBT with ICMA and ICBA, fullerenes that
have a higher lying LUMO level than PCBM (Table 5.1), and that have been shown to increase
VOC in blends with P3HT [7].
Figure 5.10a shows the electroluminescence from PFODTBT blends with PCBM, ICMA and
ICBA (1:4). The blend with PCBM shows a red-shifted emission compared to both blend
components which most likely originates from the CT state. We find the peak centre of this
emission at 1.32 eV ± 0.05 eV, around 0.33 eV above eV OC. If we now replace PCBM by
ICMA, a fullerene with slightly higher LUMO level, we observe a change in the peak shape
that we ascribe to a contribution from the fullerene singlet which is also shown in the figure.
In the case of the PFODTBT:ICBA blend, emission from the fullerene is dominant and no
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Figure 5.10: a) Electroluminescence (EL) of devices with PFODTBT blended with PCBM (black),
ICMA (green) and ICBA (red) as active layer. EL of a device with only ICBA as active layer is shown
for comparison (grey). The small peak at 1.37 eV is a measurement artefact; b) Photoluminescence
of polymer blends and an ICBA film, corrected for the incoming photons at excitation wavelength
(473 nm); c) Current-voltage curves of devices with blends of PFODTBT with PCBM, ICMA and
ICBA (1:4), measured at approximately 1 sun illumination
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Donor VOC w. PCBM [V] HOMO [eV] ECT ,EL w. PCBM [eV]
PFODTBT 0.99 ± 0.03 -5.8 [235] 1.32 ± 0.05
MDMO-PPV 0.85 ± 0.02 -5.3 [236] 1.19 ± 0.03
P3HT 0.58 ± 0.02 -4.6 [175]; -5.0 [237] 0.89 ± 0.03
Si-PCPDTBT 0.60 ± 0.02 -5.0 [238] 0.97 ± 0.02
Acceptor LUMO [eV] reported LUMO [eV] measured*
PCBM -3.7 [239]; -4.3 [31]; -3.91 [7] -3.74 ± 0.02
ICMA -3.86 [7] -3.70 ± 0.02
ICBA** -3.72 [7] -3.55 ± 0.02
ICTA** -3.36 ± 0.05
Table 5.1: Donor polymers (top) and acceptor molecules (bottom) used in this study (* measured
in solution by DPV, ** fullerene multiadducts are a mixture of different isomers, only one isomer is
shown)
significant emission from the CT state is visible. The spectrum remains unchanged in a 4:1
mixture of the PFODTBT:ICBA blend, making it unlikely that the fullerene emission arises
from direct injection of electrons and holes into large fullerene domains in which electrons and
holes are injected from the electrodes.
This data suggest that, the higher we raise the energy of the CT state in the blend, the
more likely it is that the injected charges are activated into the fullerene and recombine via
the fullerene singlet. Photoluminescence data (Figure 5.10b), corrected for the number of
absorbed photons, shows a similar trend. In the blend of PFODTBT with PCBM, the pho-
toluminescence from PFODTBT is strongly quenched (>99%) compared to the pristine film,
while a weak red-shifted emission is observed, composed of PCBM singlet emission and CT
state luminescence. Emission from the blend with ICBA, however, is similar in relative and
absolute terms to the emission of the pristine ICBA film, even though at the used excitation
wavelength around 50% of the photons are absorbed by the polymer. This implies that excitons
absorbed by the polymer are transferred to the fullerene, where they decay and do not separate
into free carriers. The photocurrent (Figure 5.10) is greatly reduced for the blend with ICBA
as compared to the blends of PFODTBT with PCBM and ICMA. PFODTBT:ICMA shows
some PL emission from the fullerene as well, but this could equally originate from micron-
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sized fullerene domains we observed in microscope images (see Section 4.2.6). In summary,
we see that for PFODTBT blends, a reduction of photocurrent correlates with an increase in
fullerene emission visible in EL and PL.
Figure 5.11: a) Electroluminescence (EL) of devices with MDMOPPV blended with PCBM (black),
ICBA (red) and ICTA (blue) as active layer. EL of a device with pristine ICTA is shown for comparison
(gray). The small peak at 1.37eV is an artefact of the detector; b) Electroluminescence of blends
with P3HT blended with PCBM (black), ICBA (red) and ICTA (blue) as active layer. EL of a device
with pristine ICTA is shown for comparison (gray); c) Current-voltage curves of devices with blends
of MDMOPPV with PCBM, ICBA and ICTA (1:4), measured at approximately 1 sun illumination; d)
Current-voltage curves of devices with blends of P3HT with PCBM, ICBA and ICTA (1:1), measured
at approximately 1 sun illumination
A similar transition in EL emission from CT-state to fullerene emission can be observed when
the polymers MDMO-PPV and P3HT are blended with fullerene multiadducts (Figure 5.11a,b).
In blends of MDMOPPV:PCBM, the eVOC and the emission from the CT state are around 0.2
eV lower compared to PFODTBT and the transition to fullerene emission occurs in moving
from ICBA to ICTA (Figure 5.11a). In the CT emission of MDMOPPV:ICBA a fullerene shoul-
der is clearly visible and the blend with ICTA is dominated by fullerene emission. For P3HT
blended with ICBA, EEL,CT is at 1.13eV, still far below the fullerene singlet, and only emission
from the charge transfer state is visible. The shape of P3HT:ICTA blend emission, however,
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strongly resembles the emission from ICTA. Again, the observation of a strong fullerene com-
ponent in the EL correlates with reduced photocurrent (Figure 5.11c,d). The CT EL quantum
yield in blends with P3HT, however, is much lower than the quantum yield of the respective
fullerene singlets. This suggests that the emission from the P3HT:ICTA CT state may be
masked by the EL emission of the fullerene singlet. This could explain why we see fullerene
emission rather than a mixture of fullerene and CT emission.
A clear transition from CT emission to fullerene has been observed in all blends in which the
bandgap of the fullerene is smaller than the bandgap of the polymer. To study the opposite case
in which the polymer bandgap is smaller than the fullerene bandgap (Eopt,donor < Eopt,acceptor),
we blend the fullerenes with Si-PCPDTBT. This polymer has an absorption onset of around
1.5 eV [238] lower than the absorption onset of the fullerene (1.7 eV). Figure 5.12 shows EL,
PL and device data of SiPCPDTBT and its blends.
It is clearly visible in Figure 5.11a that in the case of a low polymer bandgap, a transition from
CT state to polymer singlet occurs in the EL emission, as opposed to the fullerene singlet
emission observed in the previous blends. The blend with ICBA shows a mixture of CT state
and polymer singlet emission while the blend with ICTA is dominated by polymer emission.
Once more, a reduction of photocurrent and fill factor is observed with increased singlet emis-
sion, this time from the polymer. For the SiPCPDTBT:ICTA blend, the photoluminescence
of the polymer is not quenched well (Figure 5.12b), showing that charge separation or energy
transfer from polymer to fullerene is greatly reduced in this blend, owing to the small energy
offset between polymer singlet and CT state.
Despite the fact that at the excitation wavelength of 473 nm around to thirds of the photons
are absorbed by the fullerene, no fullerene emission is detected in any of the blends’ PL emis-
sion. This fact, together with extremely small polymer emission observed in PFODTBT:ICBA,
shows that energy transfer between the components is considerably faster than singlet exciton
decay in polymer and fullerene.
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Figure 5.12: a) Electroluminescence (EL) of devices with SiPCPDTBT blended with PCBM (black),
ICBA (red) and ICTA (blue) as active layer. EL of a device with pristine polymer is shown for com-
parison (magenta); b) Photoluminescence (PL) of SiPCPDTBT films blended with PCBM (black),
ICBA (red) and ICTA (blue) from an excitation wavelength of 473 nm. The small peak at 1.37 eV
is an artefact of the detector; c) Current-voltage curves of devices with blends of SiPCPDTBT with
PCBM, ICBA and ICTA (1:2), measured at approximately 1 sun illumination
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5.3.4 Discussion
We found that in all studied blends with PCBM, the EL spectrum is dominated by emis-
sion from the charge transfer state with the energy ECT,EL (Figure 5.13a,b). As we replace
PCBM by fullerene adducts with higher lying LUMO levels, ECT,EL rises similarly to the shift
in acceptor LUMO level. As ECT,EL approaches Eopt,min (Figure 5.13c,d), the observed emis-
sion is a composition of CT emission and component singlet emission. Ultimately, for small
4ECS = Eopt,min−ECT,EL, emission from the lowest component singlet in the blend dominates.
As singlet emission appears in the EL spectra, photoluminescence from the excited singlet is
less well quenched and and photocurrent is reduced.
Figure 5.13: Electroluminescence in polymer:fullerene blends: a), b) if CT state is significantly lower
than any component singlet in the blend c), d) mixture of CT state emission and component singlet
emission as the CT state energy approaches the energy of the lowest singlet of both blend materials.
The icons next to the arrows represent the peak shapes of the EL emission
We find electroluminescence to be a powerful tool to study the CT state because of its ability
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to directly probe the interface states. Photoluminescence generally contains contributions from
not separated intramolecular excitons. These contributions are strongly morphology-dependent
and overlap with the intermolecular CT emission. In the case of P3HT, the contributions from
component excitons even cover the CT emission completely (not shown here). The EL emis-
sion, in contrast, arises from recombination at the polymer:fullerene interface [153]. This
implies that singlet states visible in EL must be populated either through energy transfer from
the CT state or through charge transfer from one component to the other. It is not possible,
however, to distinguish these two different mechanisms within our experiment. Morteani et
al. have studied polymer:polymer blends and have shown with temperature-dependent mea-
surements that energy transfer from the CT state dominates below 4 V of applied voltage,
with an endothermic activation energy of 200 meV ± 50 meV [87, 240, 207]. Since all of the
presented EL spectra have been measured at voltages smaller than 4 V, this would suggest
that the principal mechanism is energy transfer from the CT state to a component singlet.
The activation energy of 200 meV corresponds to about twice the width of the density of
states (DOS) of an organic semiconductor [18], which may suggest that singlet emission is
linked to an overlap of CT state emission and singlet absorption. Activation might also be
facilitated by the increased energetic disorder of fullerene multiadducts [180] that broaden the
DOS and can ease activation.
The activation of the component singlets observed in the EL is relevant for device opera-
tion and charge separation. Singlet population from the CT state – regardless whether the
mechanism is energy transfer or charge transfer – indicates that the offset at the type II het-
erojunction is so small that endothermic activation is possible. For such a small offset, the
net rate for charge separation might be significantly reduced, increasing geminate recombina-
tion of excitons on the component with lower bandgap increased. This is especially relevant
for polymer:fullerene blends with Eopt,donor < 1.70 eV, where – due to the low fullerene ab-
sorptivity – most of the current is generated by the component with lower singlet energy. In
blends with higher bandgap polymers (Eopt,donor > 1.70 eV), charge separation could occur
directly from the polymer via electron-transfer to the fullerene [241] and if at short-circuit
charge carriers are unlikely to return to the interface, photocurrent may still be high. At open
circuit, however, where losses via interfacial recombination are more important, an additional
nongeminate recombination pathway through singlet activation is available, reducing fill factor
(FF) and open circuit voltage of the solar cell. We have observed this reduction in VOC and
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FF for all blends with at least partial singlet emission (see Table 5.2), but other factors such
as microstructure, transport or shunts can affect these indicators for device performance as
well, so a quantification is not possible in this case.
Blend JSC [mA/cm2] FF VOC [V] PCE [%]
PFODTBT-PCBM 6.8 0.52 1.02 3.6
PFODTBT-ICMA 4.6 0.44 1.03 2.1
PFODTBT-ICBA 0.2 0.22 0.91 0.0
MDMOPPV-PCBM 2.0 0.61 0.84 1.0
MDMOPPV-ICBA 0.3 0.30 1.07 0.1
MDMOPPV-ICTA 0.0 0.30 1.17 0.0
P3HT-PCBM 7.8 0.63 0.59 2.9
P3HT-ICBA 7.1 0.61 0.83 3.6
P3HT-ICTA 0.9 0.35 0.92 0.3
SiPCPDTBT-PCBM 10.7 0.53 0.60 3.4
SiPCPDTBT-ICBA 5.6 0.35 0.62 1.2
SiPCPDTBT-ICTA 0.5 0.25 0.91 0.1
Table 5.2: Typical device parameters for all polymer:fullerene blends included in the study
It is possible, however, to quantify different types of energetic losses using the energy of
the CT electroluminescence. We observe a large range of values for ∆ECS in the studied
blends, with P3HT:PCBM showing the highest value of 0.81 eV. In PFODTBT:PCBM, the
blend with the smallest observed ∆ECS that still produces high photocurrent, the threshold
to partial singlet emission occurs at a CT emission peak of around 1.35 eV, about 0.35 eV
below the fullerene bandgap of (1.70± 0.02) eV: ∆ECS,min = (0.35± 0.05) eV. The value
of ∆ECS,min might differ as function of the donor polymer, but previous studies indicate that
donor block-copolymers with benzothiadiazole (BT) as acceptor unit (as PFODTBT) show
charge generation at low energetic offsets [164]. In all our studied polymers we find that if
∆ECS falls below 0.35 eV, the blend enters a transition region (0.35 < ∆ECS < 0) in which
component singlet activation becomes possible and the net rate for charge separation, fill
factor and photocurrent are likely to be reduced. ∆ECS represents the additional energetic
loss needed to separate excitons bound by the low dielectric constant of the organic materials,
a loss not present in inorganic solar cells. For crystalline silicon, for instance, the difference
between bandgap and peak EL emission is equal to the energy of an optical phonon minus the
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thermal energy kT, which is around 0.03eV [152, 242].
The blend with the smallest observed ∆ENG is P3HT:PCBM with ∆ENG,min =
(0.31± 0.03) eV. P3HT is well-known for long lifetimes [56] as well as high mobilities in
the blend [243] that have been associated with small losses through nongeminate recombina-
tion [56]. All of the measured blends show quite similar values for ∆ENG: 0.3 eV < ∆ENG <
0.4 eV , in agreement with reports by Vandewal et al. Interestingly, these losses are comparable
or smaller than the losses between the EL peak (1.09 eV) and the typical eVOC (700 mV) in
crystalline silicon solar cells [152]. To understand the difference between organic bulk hetero-
junction solar cells and classical crystalline semiconductor solar cells better, it is instructive to
split the nongeminate losses further into radiative and non-radiative losses. The reason BHJ
solar cells have nongeminate losses that are comparable or smaller than those in c-Si is due to
the fact that the radiative losses in BHJ solar cells are small compared to the radiative losses
in many inorganic solar cells. Thermal emission of a body depends according to Kirchhoff’s
law on the black body spectrum and the absorptance of the body. Luminescent emission of
a semiconductor diode follows a similar law and depends on the black body spectrum Φbb,
voltage V and quantum efficiency Qe of the device according to [79]:
ΦEL = QeΦbbexp
(
qV
kT
)
, (5.1)
with k being the Boltzmann constant and T the temperature. This equation holds for pn-
junctions with linear recombination rates [244], i.e. it is an excellent approximation for c-Si
and other inorganic materials, but even for organic solar cells there is evidence that this equa-
tion provides a decent approximation [76, 245]. According to Eq. 5.1, the radiative losses are
high, when the quantum efficiency at the EL peak is high, i.e. when there is only a small shift
between EL peak and absorption onset. This shift is rather large in bulk heterojunction solar
cells, because the quantum efficiency at the CT state is always very low compared to the peak
quantum efficiency, while the the shift is rather small for inorganic solar cells. The radiative
open circuit voltage VOC,rad is the hypothetical open circuit voltage that a solar cell would
have if there was only radiative recombination. This open circuit voltage can be calculated
from EL and quantum efficiency measurements as described before [77, 78] using
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Voc,rad=
kT
q
ln
(
Jsc
q
∫
QeΦbbdE
)
, (5.2)
with q being the electric charge. The energy eV OC,rad, corresponding to the radiative open
circuit voltage is often close to the EL peak in organic solar cells (e.g. VOC,rad (PFODTBT)
= 1.34 V, E g (PFODTBT) = 1.32 eV), while the eV OC,rad of crystalline semiconductor solar
cells is considerably below the band gap (e.g. VOC,rad(c-Si) = 864 mV, Eg (c-Si) = 1.124 eV)
[77, 78]. The non-radiative losses in organic solar cells are huge compared to the radiative
losses (hence the low luminescence efficiency of the CT state) [76] but they are small compared
to crystalline silicon solar cells, if we compare the difference between the peak of the EL and
the VOC . This is probably due to the blend structure that separates electrons from holes and
suppresses nongeminate recombination. Further reduction of nongeminate recombination by
reducing the concentration of localized states [223, 246, 210, 52] which facilitate recombina-
tion is thus an additional promising pathway to higher efficiencies because of its positive effect
on both V oc and the fill factor.
Going back to the losses due to charge separation and nongeminate recombination, we can
now investigate lower limits for energy losses in organic solar cells. The sum of the two minimal
losses ∆ECS,min and ∆ENG,min enables us to set an empirical limit for the open circuit voltage
of an efficient organic solar cell. The Voc is limited by the smaller bandgap of either donor or
acceptor minus a minimal energy loss:
eVOC ≤ min{Eopt,donor; ; Eopt,acceptor} −4Emin, (5.3)
with
4Emin = 4ECS,min +4ENG,min = 0.35 eV + 0.31 eV = (0.66± 0.08) eV . (5.4)
This is in good agreement to a value of 0.6 V reported by Veldman et al. [154], but our study
provides substantial insight into the composition of this value.
The VOC limit has implications especially for donors with bandgaps higher than the fullerene
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(Eopt > 1.7eV). Their open circuit voltage is limited by the fullerene to around 1V, while most
of the absorption occurs above the polymer bandgap, resulting in an additional energy loss
(e.g., 0.2 - 0.3 eV for P3HT and PFODTBT). This also explains why open-circuit voltages of
these polymer:fullerene solar cells have been limited to around 1 V [50]. Higher open circuit
voltages (1.2 V - 1.4 V) have been observed solely in blends containing non-fullerene acceptors
with higher bandgaps [247, 248, 249, ?]. Different acceptors might therefore be needed in
organic tandem solar cells, for which the optimal bandgap may lie above 1.7 eV, depending
on the low-bandgap subcell [250].
A research of the literature shows that the lowest energy loss reported for single junction poly-
mer:fullerene cells is ∆E = 0.69 eV, realised in a blend composed of a diketopyrrolopyrrole-
based copolymer and PC70BM [69]. It features a relatively high fill factor (FF = 0.60), but
shows a low external quantum efficiency. The most efficient reported cells, devices with 8.3%
power conversion efficiency [70, 15], operate at an ∆E = 0.85 eV − 0.90 eV. Assuming
∆ENG ≤ 0.4 eV, this results in a ∆ECS > 0.45 eV, indicating significant improvement poten-
tial by reducing the energetic losses of the solar cells.
5.3.5 Conclusions
We used EL and PL spectroscopy to study a selection of high-performance polymers blended
with a series of fullerenes featuring different LUMO levels. Measurement of the electrolumi-
nescence of the charge transfer state allows a determination of the CT state energy directly in
the device and is therefore much better suited to study the limits of the CT state than methods
based on the measurement of electrochemical energy levels measured in pristine materials. We
found that singlet activation in the EL occurs when the difference ECS between the energy of
the CT emission ECT,EL and the lowest component absorption onset Eopt,min, is smaller than
0.35 eV. This singlet activation is correlated to a reduction in PL quenching and photocur-
rent generation: for 0 < ECS < 0.35 eV, we observe a transition from working device with
pure CT emission to devices with strongly reduced photocurrent and predominantly polymer
or fullerene singlet emission. This allows us to derive an empirical limit for VOC for efficient
polymer:fullerene solar cells which is related to the lowest absorption onset of the components
in the blend: VOC < Eg,min/e − 0.66 V.
125
Chapter 6
Conclusions and Further Work
As internal photovoltaic quantum efficiencies reach unity and fill factors approach the theoret-
ical limits, the reduction of energetic losses is one major pathway to improve the performance
of organic solar cells. One energetic loss specific to organic solar cells is the offset at the type II
heterojunction between donor and acceptor, determined by optical bandgaps and the energy of
the charge transfer (CT) state. A better understanding of the CT state is therefore important
to understand and quantify energetic losses present in organic solar cells. Using fullerene mul-
tiadducts, it is possible to raise the energy of the charge transfer state and open circuit voltage
without altering the donor polymer that determines many properties of the polymer:fullerene
system. Moreover, Fullerene multiadducts are promising candidates for high-performance so-
lar cells because they have shown to increase device performance if P3HT is used as donor
material.
We have established that the multiple isomers present in fullerene multiadducts cause en-
ergetic disorder, confirming computational results that LUMO levels differ between isomers.
This additional energetic disorder in the blend contributes to the reduced electron mobility of
fullerene multiadducts. In blends with the polymer P3HT, the fullerene multiadduct BisPCBM
has been shown to improve device performance, despite reduced electron mobility. The elec-
tron mobility of TrisPCBM, however, is reduced by several orders of magnitude compared to
PCBM and limits device performance in the blend with P3HT. The reduced driving force for
charge separation, however, does not lower the yield in charge generation. Even in the blend
of P3HT and TrisPCBM, however, the driving force remains quite high at around 0.85 eV.
Using the indenofullerenes ICBA and ICTA and the polymers SiPCPDTBT and PCDTBT, it
is possible to reduce the driving force for charge transfer to almost zero. Using blends of these
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materials, we have studied the effect of reduced electron mobility and driving force for charge
transfer. Depending on the donor polymer, the offset at the donor-acceptor heterojunction
that is required for charge generation varies from 0.6-0.8 eV for blends with P3HT to 0.1-
0.25 eV for blends with SiPCPDTBT. The required offset seems to be larger for polymers with
a bandgap higher than 1.7 eV, possibly due to efficient energy transfer to the fullerene. We
find that donor-acceptor block-copolymers with a bandgap lower than 1.7 eV are promising
candidates for high-performance solar cells with low energetic losses.
Using photocurrent measurements at high reverse biases, we find that the reduced electron
mobility of fullerene multiadducts affects blends with SiPCPDTBT and PCDTBT much more
than blends with P3HT. Especially the polymer PCDTBT, an amorphous polymer with low
hole mobility, does not seem to tolerate the low electron mobility provided by the fullerene
multiadducts. Unfortunately, the P3HT:PCBM system turns out to be a special case. It is
the only system we find to show increased device performance with multiadducts compared to
PCBM. All the other studied materials, especially recently synthesised polymers, are usually
optimised for PCBM as donor and their offset at the heterojunction is not large enough when
fullerene multiadducts are used as acceptor materials. Moreover, the raised LUMO level of
multiadducts increases the need for electrodes that are unstable on air, and the air stability
of the blend could be reduces as well. We therefore conclude that fullerene multiadducts are
unlikely to be the acceptor materials of choice for commercialisation of organic solar cells.
Nevertheless, they are great materials to study fundamental properties of the charge transfer
state and energetic offsets.
A fundamental understanding of the charge transfer state is of great importance to quantify
and to reduce energetic losses in organic solar cells. Using fullerene multiadducts to tune the
energy of the charge transfer state, we study photoluminescence and electroluminescence of
photovoltaic blends. We find confirmation for the claim of Tvingstedt et al. that the pho-
toluminescence from the CT state originates from areas in the blend that do not contribute
to photocurrent and are possibly morphologically isolated. Electroluminescence (EL) from the
CT state, in contrast, is of great relevance for device operation. We find that in all studied
polymer:fullerene systems, the EL peak shifts only very little with increased current, much less
than expected from the shift in charge density. We conclude that the EL originates from trans-
port states far from the quasi-fermi level of the photovoltaic device. The fact that the shift in
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the EL with current or voltage is small allows us to use the energy of the electroluminescence
as proxy for the energy of the CT state. Using the fullerenes ICMA, ICBA an ICTA in blends
with common photovoltaic polymers, we show that the CT state shifts to higher energies with
rising LUMO level of the electron acceptor, in accordance with the raise in open circuit voltage.
As the energy of the CT state approaches the lower optical bandgap of any of the materials
in the blend, a component singlet appears in the electroluminescence. This singlet activation
from the CT state occurs if the energetic difference between CT EL and optical bandgap is
0.35 eV or smaller. In the photovoltaic device, this additional recombination pathway can
reduce photocurrent and fill factor. We find a reduction of photocurrent and fill factor in all
studied blends in which singlet activation occurs. For the studied systems, we conclude that
this additional recombination channel can limit the open circuit voltage for efficient organic
solar cells to around 0.66 eV below the smaller optical bandgap of both components in the
blend.
This energetic loss is not very far from the loss in c-Si solar cells, where it amounts to 0.4 eV.
Further studies could quantify the different components of energetic loss in a larger set of
organic photovoltaic blends, including materials that show a small difference between bandgap
and an electron at open circuit voltage. These studies could help to identify polymer systems
that require only a small offset for charge generation. In combination with time-resolved stud-
ies of charge generation and energy transfer, electroluminescence measurements could provide
insight into the role of the charge transfer state in organic solar cells.
Measurements of space-charge limited current in hole-only and electron-only devices could
bring more insight into the effect of lower electron mobility of the fullerene multiadducts be-
cause they allow to measure the mobilities at solar cell operating conditions. Then, the impact
of the energetic disorder in fullerene multiadducts could be studied in a more quantitative way.
Isolation of multiadduct isomers combined with further DPV and mobility measurement could
separate the impact of packing and energetic disorder on the electron mobility. In the longer
term, it might be necessary to move to electron acceptors with lower lying LUMO levels that
could show higher air-stability and may ease the use of solution-processed, air-stable electrodes.
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Appendix C
MALDI-TOF mass spectroscopy data
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